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Table A List of scientific terms, concepts and principles used in Unit 6. 
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Introduced in earlier Units, 
or assumed from general 
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knowledge (GK) Unit in this Unit Page 
r acceleration 2 charge sharing 8 
addition of forces 3,4 charging by induction 9 
atom GK conductor 6 
component of a vector 2 conservation of charge 5 
conservation of energy and coulomb C 11 
momenfunr 3 Coulomb’s law 11 
contour map GK dielectric constant 12 
convection GK earthing 44 
density GK | electric charge 4,5 
derivative z electric field & 20 
differentiation 2 electric field due to point 
displacement 2 charge 21 
electron GK electric field lines 27 
energy 3 electric potential 33 
equilibrium 4 electric potential difference 34 
force 3,4 electric potential due to a 
gravitational force 3,4 point charge 33 
gravitational potential energy 3,4 electrical breakdown of 
kinetic energy 3 insulators 6 
mass 3 electron—charge 13,31 
molecule GK electron—charge to mass ratio 30 
momentum 3 electronvolt eV 35 
neutron GK electrostatic dust precipitator 32 
Newton’s law of gravitation 4 electrostatic force 4.11 
Newton’s laws of motion 3 electrostatic potential energy 
position vector 4 of two point charges 18 
potential energy 3 electrostatic screening 42,43 
proton GK equipotentials 37 
scalar 2 field—scalar, uniform and 
Speed 2 vector ; 23-26 
triangle rule for addition of gravitational held : 26 
vectors 2 gravitational potential energy 
of two masses 18 
unit vector P Pe a 
AIOT 2 insulator 6 
; ion thruster 34 
velocity 2 5 ; 
viscosity GK hebt mes : z 4 
Millikan oil drop experiment 30 
permittivity € EED 
permittivity of free space £g 12 
point charge 10 
positive and negative charge 5 
volt V 34 
voltage 34 
voltmeter 40 
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1.1 


Study guide 


This Unit is the first of a block of three covering electromagnetism; it therefore lays 
the foundations for Units 7 and 8. Many of the ideas in the first two Sections should be 
fairly familiar to you, and you will probably be able to complete these Sections in 
about 14 hours. The kernel of the Unit is contained in Sections 3, 4 and 5. Section 4 
includes an audiovision sequence that lasts approximately half an hour. Overall, we 
suggest that you spend about 6 hours on these three central Sections. Section 6 is 
based on a Home Experiment; the experiment, together with the experimental work 
for the TMA question on this Unit, should take about 2 hours. You will need a few 
sheets of tracing paper for the experiment. 


The television programme TV6 provides a link between the material of Unit 4 and 
the material of this Unit. You will get more benefit from the programme if you have 
studied Sections 1 and 2 beforehand so that you are familiar with the concept of 
charge and with Coulomb’s law. 


Unfortunately, no part of this Unit can easily be omitted without a penalty later in the 
Block. However, if you are very short of time, you can safely skip part (d) of ITQ 5 and 
SAQs 15 and 16. You can also omit all the applications sections (1.3.1, 1.3.2, 4.4.1, 4.4.2 
and 5.1.1) without affecting your understanding of later Units, although such a step 
may mean that you will be unable to complete all the assessment questions associated 
with this Unit. 


A first look at charge 


Some simple electrostatic phenomena 


In the previous Block on mechanics, you discovered the effects of forces on bodies. 
These effects are summarized in Newton’s three laws of motion. You also learned 
about one of the fundamental forces of nature, namely the gravitational force, which 
not only holds the Earth in its orbit around the Sun but also holds us fairly firmly on 
the Earth’s surface. In this Unit, we shall look at another force, the electrostatic force. 
This is the force responsible for binding atomic electrons to nuclei* and for holding 
atoms together to form microscopic molecules and macroscopic solids. 


Although electrostatic forces are, in general, not as apparent in everyday life as 
gravitational forces, it is much easier to perform elementary electrostatic experiments 
than gravitational ones. In fact, simple electrostatic phenomena are the basis of 
several children’s tricks. At one time or another you will probably have rubbed an 
inflated balloon on a piece of wool (such as a jumper) and then placed the balloon 
against the ceiling of a dry room and seen that the balloon sticks to the ceiling (Figure 
1). In this experiment, the electrostatic attraction between the balloon and ceiling is 
sufficiently large that it exceeds the gravitational force on the balloon and so the 
balloon does not fall. A similar experiment involves rubbing a piece of plastic, such as 
a ruler, on a woollen cloth. The ruler may then be used to lift small pieces of tissue 
paper, rather as a magnet lifts a steel nail. However, unlike the magnet, the ruler 
cannot continue to provide the lifting force indefinitely, and eventually the tissue will 
drop from the ruler. Another example of the action of electrostatic forces can be seen 
when brushing your hair in front of a mirror. If your hair is dry and you brush vigor- 
ously, you will notice that the hair is attracted towards the brush. 


In each of these three ‘experiments’, the electrostatic force produced is greater than the 
gravitational force. Later in this Unit, we shall discover why a force of such strength 
is often difficult to observe in nature. But before we can study the force itself, we must 
find out under what circumstances bodies like the balloon, the ruler and the hair 
experience electrostatic forces. Clearly, bodies do not always experience these 
electrostatic forces—your hair doesn’t always stand on end! Something must have 
happened in each case during the rubbing process to make the bodies experience an 
electrostatic force. For convenience, we shall simply state that bodies that experience 
electrostatic forces are charged with electricity. In this first Section, we discover some 
of the properties of this electric charge and consider how electrostatic charging takes 
place. 


* The physics of the atom is the main topic of Units 13-15. 


electrostatic force 


» 


Figure 1 Demonstrations of electrostatic 
forces produced by rubbing. 


electric charge 


1.2 


Electric charge 


During the eighteenth century, a number of distinguished and ingenious scientists 
carried out simple experiments, similar to those we discussed above, which clarified the 
nature of electrostatic charge. These experiments culminated, in 1785, in the work of 
Charles Augustin de Coulomb, who deduced the form of the electrostatic force law. 
The results of these early experiments together with their modern interpretation can 
be summarized as follows. (You should check that each of these statements agrees with 
your general experience.) 


(i) The detection of charge The presence of electric charge on a body can only be 
detected by the forces that the electric charge causes the body to produce or ex- 
perience. (Remember that Newton’s third law of motion tells us that if a body produces 
a force it must also experience an equal and opposite force.) In other words, you can- 
not tell simply by looking at a particular object whether it is charged or not: the only 
way to be sure is to see whether it can produce an electrostatic force. 


(i) Typesofcharge There are only two types of electric charge. Bodies carrying the 
same kind of charge repel one another, whereas bodies carrying different types of 
charge attract one another. Also bodies carrying one type of charge become elec- 
trically neutral (i.e. exert no electric forces) after absorbing an equal quantity of the 
other type of charge. This property of charge cancellation has led to the two types of 
charge being labelled positive (+) and negative (—), since the sum of a quantity of 
positive charge and an equal quantity of negative charge is zero. 


(iii) Source of electric charge All matter contains electric charge. This charge is 
carried by fundamental particles—electrons carrying a negative charge and protons 
a positive charge. (The neutron, as its name implies, is electrically neutral.) When two 
different materials are brought into intimate contact and energy is supplied, perhaps 
by rubbing, electrons may be transferred from one material to the other. The direction 
of transfer of the electrons depends on the properties of the materials concerned and is 
always the same for any two materials. A plastic ruler rubbed with a woollen cloth 
acquires a negative charge, whereas a glass rod rubbed with a piece of silk ends up 
with a net positive charge. 


(iv) Conservation of charge In the rubbing process illustrated in Figure 2, no 
charge has been created: existing charges have simply been redistributed between the 
wool and the plastic. In fact, the total amount of charge in any system is always con- 
stant. In other words, 


electric charge is always conserved 


This conservation law takes its place alongside the laws of conservation of linear 
momentum, angular momentum and energy as one of the fundamental laws of physics. 
The conservation of charge does not imply that the total amount of positive charge ina 
system is fixed, but it does imply that for every additional positive charge created, an 
equal amount of negative charge must also appear. An example illustrating the law 
of conservation of charge is shown in Figure 3. 


electron 
mass Me 
charge —e 
gamma ray 
LIDIA > 
(zero charge) 
positron 
mass Me 
charge +e 


Figure 3 Total electrical charge is conserved in the process known as ‘pair production’, by 
which an energetic but electrically neutral gamma ray is converted into an electron (with a 
negative charge denoted —e) and a positron (a particle with the same mass as an electron, 
but with charge +e). This process also illustrates the possible interconversion of mass and 
energy, according to Einstein’s equation E = mc, which will be discussed in Unit 12. 


SAQ 1 Two brushes are charged by vigorously brushing a moulting dog. 
(a) Will the hairs that fall out attract or repel one another? (b) Will the hairs be 
attracted to the brush or repelled from it? (c) Will the two brushes attract or 
repel each other? 
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positive and negative charge 


Figure 2 Charging by rubbing. When a 
plastic ruler is rubbed with a woollen 
cloth, electrons flow from the wool to the 
plastic. This process will leave an excess 
of electrons on the plastic, so that it 
carries a net negative charge, whereas the 
wool, with a deficit of electrons, carries a 
positive charge of equal magnitude. 


1.3 


(v) Conduction of charge Since bodies carrying unlike charges attract one another, 
any body that has a deficit of electrons (i.e. any body that carries a net positive charge) 
will not only attract negatively charged macroscopic bodies in the vicinity, but will 
also attract any electrons that are close by. If these electrons are free to move, they 
will flow towards the positively charged body and neutralize it. It is this process 
of charge redistribution that prevents us detecting the electric charge on a hand-held 
rod of copper when it is rubbed. When copper is rubbed, it does acquire a charge. But 
copper has the property that electric charge can flow easily through it and so the 
imbalance of charge in the rubbed region can be made good by electrons flowing 
through the rod to or from the hand holding the end of the rod. Materials that allow 
electric charge to flow through them are called conductors and those that do not are 
called insulators. Glass and plastic are examples of insulators, whereas metals and 
sea-water are conductors. 


Certain materials behave like perfect insulators for small electric forces only. When 
the electric force increases, there comes a point when electrons can be detached from 
the atoms of the material and these electrons can then flow a short distance. This 
flow of electrons is equivalent to a charge flow through the material. The material is 
said to have suffered breakdown and become conducting. This behaviour can 
theoretically occur in all insulators. In most solid insulators, however, the force 
required to produce breakdown is so large that the effect can often be neglected. In 
gases, on the other hand, the occurrence of breakdown is quite common. Have you 
ever noticed sparks when you undress in a darkened room? Nylon clothes can 
become charged through the rubbing involved in everyday movement. When you 
undress, you separate oppositely charged regions. These regions come to equilibrium 
by the charge flowing through the air between them when the air breaks down. Some 
of the air molecules become excited by the charge flow and then lose this surplus 
energy by emitting visible radiation*. 


Section 1.3 considers in more detail the question of charge distribution and the way in 
which spontaneous or induced redistribution of charge takes place. Before moving on 
to these topics, make sure that you can list the main properties of electric charge. 
The box below provides a checklist of important points. 


(i) The presence of a net electric charge on a body can only be detected via 
electrostatic forces. 


(ii) There are only two types of charge: these are labelled as positive and 
negative. Like charges repel and unlike charges attract one another. 


(iii) All matter contains charge, and in certain circumstances this can be 
transferred via a flow of electrons from one body to another. 


(iv) Charge is a conserved quantity. 


(v) Charge can flow easily through certain substances; such materials are 
called conductors. Other substances, through which charge cannot easily 
flow, are called insulators. 


The distribution of electric charge 


After reading Sections 1.1 and 1.2, you may be wondering why the electrostatic force 
is so difficult to observe in everyday life. Matter has two basic properties that cause 
it to exert forces: one of these properties is mass, which produces gravitational forces 
and the other is charge, which produces electrostatic forces. Yet, although we are 
aware of the gravitational force as soon as we fall out of bed in the morning, we usually 
have to perform an experiment before we become conscious of the electrostatic force. 
One of the reasons for this apparent paradox arises from the fact that there are two 
types of charge—positive and negative—but only one type of mass. As illustrated in 
Figure 4, the attraction between two equal quantities of unlike charge, and the 
resulting charge cancellation, produces a single electrically neutral body that does not 
exert a net electrostatic force. This explains why most lumps of matter contain 
precisely equal amounts of positive and negative charge and are therefore electrically 
neutral. However, because there is only one kind of mass that always gives rise to an 
attractive gravitational force, two objects coalescing will simply form a more massive 


* The emission of radiation by excited atoms and molecules is one of the main topics of 
Units 13 and 14. 


conductors 
insulators 


electrical breakdown of insulators 


1.3.1 


(a) mass M (b) mass M 
~ j charge +O charge + Q 

gravitational gravitational = 
attraction attraction gravitational 
electrostatic electrostatic attraction 
repulsion attraction only 

a Á aM 6+0) mass 2m 

SS zero charge 


charge +q gravitational 
attraction 
electrostatic 
attraction 


Figure 4 (a) The three particles A, B and C, with masses M, m and m and charges + Q, +q 
and —q respectively, all exert electrostatic and gravitational forces on one another. (b) If 
particles B and C are allowed to come together, their charges cancel and there is no longer 
any electrostatic interaction with particle A. However, the gravitational force on particle A 
is increased. 


body that will still exert a gravitational force on other masses. (This is believed to be 
how stars are formed from gas and dust clouds in space: particles come together, 
producing a larger and larger mass, which gives rise to a stronger and stronger 
gravitational force and so more and more dust is drawn towards the mass. This 
process is known as accretion.) 


Although electrostatic forces are not often immediately apparent in nature, they can, 
under certain circumstances, produce very dramatic displays. The next two sections 
describe the conditions that give rise to two hazardous manifestations of eléectro- 
static forces—lighting storms and the occasional explosion of oil tankers during 
cleaning. 


Lightning storms 


On hot humid days, water vapour is forced upwards by convection. As it rises in the 
atmosphere, it cools—at first condensing to form small droplets of water and then 
freezing to form hailstones. These hailstones grow in size as additional droplets 
condense on them, and eventually they become so heavy that they begin to fall under 
gravity. As they fall, their temperature rises and they usually melt and fall as heavy 
rain. This type of downpour is often accompanied by thunder and lightning. Lightning 
flashes develop from a zone near the base of a cloud. 


The mechanism whereby positive and negative charges are separated in a thunder- 
cloud is still controversial. Experiments are very hard to perform and often danger- 
ous*, but one fact is undisputed: the electrical activity is centred at an altitude where 
the temperature is between 0 °C and — 10 °C. This is the only temperature range in 
which both the hailstones and the (admittedly supercooled) droplets of water can 
exist simultaneously. Most of the proposed mechanisms of charge separation are 
based on charge transfer between the rising water droplets and the falling hailstones, 
leaving the former with a net positive charge and the latter with a net negative charge. 
The positively charged droplets are carried up by convection, while the negatively 
charged hailstones are pulled down by gravity. This process will result in a net excess 
positive charge appearing at the top of the cloud and net negative charge appearing 
at the bottom (Figure 5). This process can continue, and the amounts of charge can 
increase, until the electric force is so great that either the vapour in the cloud under- 
goes electrical breakdown, allowing the electrons to flow up through the cloud in 
a giant spark of sheet lightning, or the air beneath the cloud suffers electrical break- 
down and the negative charge at the bottom of the cloud flows to the ground via a 


* In 1753, a scientist called Richmann was killed during a lightning experiment. His contribu- 
tion to science did not end with his death, however, for his body was dissected to discover the 
effects of his last experiment on his vital organs. 
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water 
droplets 


Figure 5 The exact details of the process 
by which charge separation takes place in 
a thundercloud are a matter of dispute, 
but charge transfer between falling 
hailstones and rising water droplets is at 
the core of most proposed mechanisms. 
The man with the umbrella is courting 
disaster; lightning tends to strike towards 
pointed objects. The underlying reasons 
for this observation will be discussed in 
TN 7, 


1.3.2 


1.3.3 


flash of forked lightning (Figure 6). The process of recharging the cloud can then 
begin again. This topic is discussed further in TV7. 


Oil-tanker explosions 


Oil-tanker explosions tend to occur during cleaning, when sea-water is flowing 
through pipes into the tanks. On the way, the water acquires an excess charge of one 
type by rubbing on the pipe walls, while the pipe is left with an excess charge of the 
opposite type (Figure 7). These charges can build up and may cause the vapour in the 
tank to suffer electrical breakdown. When this happens, electrons will flow through 
the vapour in a spark, which may ignite the flammable oil vapour remaining in the 
tank. In this event, an explosion is almost inevitable because of the rapid heating of 
the oil vapour in the confines of the tank. 

positively charged pipe 

+ + + + + 


| highly flammable 
oil vapour in tank 


negatively charged water and tank 


Charging by sharing and induction 


Lightning and oil-tanker explosions are striking illustrations of charge redistribution. 
Neither phenomenon is totally understood, and work is still being done to clarify the 
mechanisms of charge separation. We shall now turn our attention to a pair of 
well-understood methods by which charges may be redistributed. These methods 
were of great importance historically, because in the early days of electrostatic 
experimentation there was no absolute measure of quantity of charge. By using these 
two techniques, it was possible to give bodies identical charges in one case and 
equal and opposite charges in the other. This allowed Coulomb to perform quantita- 
tive experiments on the forces between two charged bodies without knowing the 
absolute charge on either body. 


The first process we shall look at is charge sharing between two identical bodies, say 
two spheres made of some conducting material and mounted on insulating stands 
(Figure 8a). Sphere A is charged, perhaps by rubbing it on some cloth (remember this 
can only be done provided the metal is not touched by the hand). Sphere A is then 
brought up to touch the initially neutral sphere B. Since the excess charges on A repel 
one another and since they can flow freely through the conducting material of the 
spheres, B will immediately acquire a charge. When the spheres are separated again, 
the charges will redistribute themselves uniformly, with the original charge shared 
equally between the two spheres. 


Figure 6 A lightning discharge. 
Although the visual effect is dramatic, the 
amount of energy liberated in an average 
lightning flash is modest—about the 
equivalent of the energy liberated in the 
explosion of 1 gallon of oil. (Courtesy 
George Marcek, Institute of Atmospheric 
Physics, Tucson, Arizona.) 


Figure 7 Charging by rubbing takes 
place as liquids flow through pipes. The 


charge separation between a pipe and its 
contents can have disastrous results in an 
oil tanker because of the highly explosive 


nature of oil vapour. 


charge sharing 


1.4 
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The second process by which charges may be redistributed is known as induction. This 
method has the advantage that the original charge may be used to repeat the process 
again and again. The principle of the method is illustrated in Figure 9. Two uncharged 
metal spheres on insulating supports are placed in contact with each other. When a 
negatively charged rod is brought close to sphere C but without touching it, some of 
the electrons within C are repelled by the charges on the rod and flow to sphere D, 
leaving a net positive charge on C anda net negative charge on D. The resulting charge 
distribution is shown in Figure 9b. The excess positive charge on the sphere closer to 
the rod is called the induced positive charge, while the excess negative charge on the 
other sphere is called the induced negative charge. 


ITQ 1 Give a description of the final stages of charging by induction as 
illustrated in Figures 9c, 9d and 9e. 


Figure 8 Charge sharing between 
conducting spheres. (a) A is initially 
given a charge + 2q, B is 

neutral. (b) The charge spreads over both 
spheres when they are brought into 
contact. (c) When A and B are separated, 
the charge left on each of them is half 
that originally given to A. 


As evidenced by the ruler and tissue-paper experiment, insulators may also be charged 
by induction. We shall examine this phenomenon in more detail in Section 2.2. 


Summary of Section 1 


Try to write down in a few sentences the salient points of this first Section, and then 
compare your summary with the one given in the box below. 


Before proceeding to the next Section, check that you feel able to fulfill Objectives 1 
and 2, and try the following SAQ. 


SAQ 2 (a) Two small conducting spheres are known to repel each other 
due to an electrostatic force. What can be said about their charges? (b) As two 
small spheres are brought close together, they are found to attract each other 
by an electrostatic force. What can be said about their charges? (Caution: 
this is not quite as easy as it may look at first!) 


In this Section, we have reviewed the main properties of electric charge, and 
these are summarized in the box at the end of Section 1.2. We have also 
described three ways in which charge may be redistributed: (i) charging by 
rubbing, which accounts for many commonly observed electrostatic pheno- 
mena. (ii) charge sharing between conducting bodies, and (iii) charging by 
induction of conducting or insulating bodies. 


2? 


— 


Figure 9 Charging by induction. In this 
case, both spheres are initially neutral (a), 
and it is a third body that is charged by 
rubbing and brought close to them (b). 
When the spheres are separated and 

the third body removed, the charge left 
on one of the spheres is opposite in sign 
but equal in magnitude to that left on the 
other. 


2.1 


The electrostatic force law 


So far in this Unit, we have not considered the magnitude of the electrostatic force. 
All we know is under what circumstances such a force exists and whether it is attrac- 
tive or repulsive. In this Section, we shall start to quantify the electrostatic force. 


Coulomb's law 


Charles Augustin de Coulomb became, in 1785, the first person to establish the 
dependence of the electrostatic force on charge separation. He considered the force 
between two very small charged bodies (i.e. bodies whose diameters were much 
smaller than their separation). This size restriction allowed him to assume that all the 
charge on each of the bodies was concentrated at a point. These very small charged 
bodies are often referred to as point charges. Their use allowed Coulomb to neglect the 
problem of how charge is distributed throughout a body. In fact, once Coulomb had 
established the magnitude of the force between point charges, it was a small step to 
extend the result to more complex charge distributions, since any charge distribution 
can be thought of as composed of a large number of point charges. 


The experimental situation investigated by Coulomb is shown schematically in 
Figure 10. A point charge q, is separated from another point charge q, by a dis- 
placement r. Because he had no means of measuring charge, Coulomb used small 
identical conducting spheres for the bodies so that he could successively halve the 
values of q, and q, by sharing the charge with identical uncharged spheres, as illus- 
trated earlier in Figure 8. Using a very sensitive torsional balance (Figure 11) to 


charged spheres 


measure the forces on the charges, Coulomb was able to show that the magnitude 
Fa of the electrostatic force acting on q, due to q, was 


(a) proportional to 1/r?, when q, and q, were fixed, 
(b) proportional to q,, when q, and r were fixed, 
(c) proportional to q3, when q, and r were fixed. 


Thus in mathematical symbols: F., oc 1/r?, Fa 0c q; and Fa £ q2 


Combining these results, we obtain 


9142 


F., « 
el C r? (la) 


Coulomb also noted that the force always acted along the line joining the two bodies, 
i.e. either parallel or anti-parallel (parallel but in the opposite direction) to the dis- 
placement r in Figure 10. How can this additional information be incorporated? You 
should recall from Unit 4 that a similar situation arises in the case of the gravitational 


10 


counter-balance 


Figure 10 The essential details of the 
apparatus with which Coulomb 
investigated the dependence of the 
electrostatic force on the magnitude and 
separation of two ‘point charges’. 


Figure 11 Coulomb’s torsional balance. 
The force between the two small charged 
spheres on the left causes a torque to act 
on the long rod to which one of the 
‘point charges’ is attached. By twisting 
the wire at the suspension point, an 
opposite and equal torque can be applied. 
With zero net torque, the beam’s position 
remains unchanged. The angle through~ 
which the suspension must be twisted to 
to achieve this result is proportional to 
the electrostatic force. The whole 
apparatus is enclosed in a case because 
the forces involved are small and 
draughts could easily introduce 
appreciable errors. (Courtesy The British 
Museum.) 


force between two masses, which depends inversely on the square of the separation of 
the bodies and acts along the line joining them. In symbols 


mM 


F ayo i and F,,,, parallel to —r, 


where r is the displacement vector of the mass on which the force is acting from the 
other mass. These two statements are combined in the vector equation 


m,m r 
Fey = —G— © (2) 


r 


Remember, (r/r) is a unit vector—a vector with unit magnitude in the direction of the 
displacement r. So the gravitational force F gray Specified by equation 2 is in the 
opposite direction to r, i.e. in the — r direction. This is what we require for a force that 
is always attractive: the force on the mass at r is in the — r direction, i.e. towards the 
other mass. 


In a similar way, we may concisely summarize Coulomb’s results by writing 


Fa c SP () (1b) 
r 


r 


To turn this proportionality into an equation, we need to introduce a proportionality 
constant. This constant is normally written in the form 1/47. The quantity «* is 
known as the permittivity, and its significance is discussed in Section 2.1.3. The 
equation that describes fully the electrostatic force between two point charges is 
therefore 


1 qiqa fF 
Pa g NT (3) 


This is usually referred to as Coulomb’s law 


Before going on to apply Coulomb’s law, let us consider some of the features of 
equation 3 in a little more detail. 


The unit of charge 


When Coulomb established equation 3, he had no means of quantifying the charge on 
either of his spheres. In SI, the unit of charge is called the coulomb (abbreviated C), 
and its definition depends on the magnetic force in a way that will be discussed in 
Unit 8. At that time, we shall return to the question of the standard coulomb of 
charge. 


The direction of the electrostatic force 


One of the main problems with using equation 3 lies in ensuring that r is chosen to 
point in the correct direction. For example, the force F. in equation 3 is the electro- 
static force on q, due to a, and r is the displacement vector of q2 from q,, i.e. r is the 
displacement vector of the charge on which the force is acting from the other charge. 
Notice that equation 2 for the gravitational force incorporates a negative sign, but 
equation 3 does not. The reason for this is that the gravitational force between two 
masses is attractive (in the —r direction), whereas the electrostatic force between two 
like charges is repulsive (in the +r direction). 


Now, it is clearly difficult to remember in which direction to draw r, or equivalently 
whether the force calculated is the force on q, or the force due to q2. The best safeguard 
is always to check the direction of the force by using the rule that like charges repel and 
unlike charges attract each other. 


Thus far, we have only considered the electrostatic force between two isolated point 
charges. However, if three or more charged bodies are present, we can still use 
Coulomb’s law to calculate the forces between the different pairs of charges. To find 
the resultant force acting on a particular charge, we then need to take the vector sum 
of the individual forces acting on that charge. 


* The Greek letter ‘epsilon’. 


permittivity 
electrostatic force 


Coulomb’s law 


coulomb C 
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2.1.3 


ITQ 2 Imagine three equal point charges lying at the corners of an equilateral 
triangle, as shown in Figure 12. Draw on the figure arrows representing the 
magnitude and direction of the electrostatic forces acting on charge A because 
of the presence of charges B and C. Now draw a third arrow representing the 
magnitude and direction of the resultant force on A. 


This example illustrates in a qualitative way the principles used to work out the 
forces exerted by combinations of point charges. You should now be able to apply 
Coulomb’s law to evaluate the magnitude of such forces. To test yourself on this 
objective, look back at equation 3 and then try the following SAQ. 


SAQ 3 Figure 13 shows three charges arranged in a straight line. (a) Assume 
that q, and q, are held fixed in position. Calculate the value of the charge q, 
that would be required to hold q, in equilibrium. (Hint: first work out the sign 
of q3, then the magnitude of the charge; remember that the quantity (1/47) in 
equation 3 is a constant). (b) With this value of q3, would q, move if it were free 
to do so? 


Permittivity 


The factor 1/4re was introduced into equation 3 simply as a constant of proportion- 
ality. However, the quantity ¢ has a very important physical significance, as we shall 
now see. 


If we were to repeat Coulomb’s experiments with the charges immersed in different 
media, we would find that the proportionality expressed by ‘equation’ 1b always 
holds, but that the constant of proportionality varies from medium to medium. 
In other words, the value of the permittivity ¢ must depend on the medium. 


ITQ 3  Bysubstitution into equation 3, work out the SI units of permittivity. 


It is found that the maximum electrostatic force between a pair of test charges sepa- 
rated by a fixed distance is obtained when the charges are placed in a vacuum. In all 
material media, the force is reduced. The minimum possible value of e therefore cor- 
responds to the case in which the charges are separated by a vacuum. To distinguish 
this special case, the constant € is given the subscript 0 and is then known as the 
permittivity of free space. The value of ¢ is found by experiment to be 


Eo © 8:854 x 102% C2 N-1 m=? 


The permittivity of all material media will be greater than that of free space. Table 1 
shows the values of the ratio £/£ for a few common materials. This ratio is known as 
the dielectric constant. 


The permittivity of air at normal pressures is only 1.005 times that of free space; it is 
therefore usual to use the value of £o for the permittivity of air. So for typical electro- 
static experiments carried out in air, Coulomb’s law may be written in the form 


1 4142 fF 
a = 4 
L 4néy r? \r ® 
Incidentally, the factor of 41, as you will see in Unit 8, has been introduced simply to 


make the laws of electrostatics look more like the laws of magnetism. It is purely a 
convenience and of no physical significance! 


The fact that the electrostatic force F,, between two charges depends on the material 
between the charges is one respect in which Coulomb’s law differs from Newton’s 
law of gravitation: 


1 
Fy = oP () and Fyn = -G 7e () 
4ne r r r r 


In Newton’s law, the factor G is a universal constant for all masses and all materials, 
and does not depend on the medium in which the masses are immersed. The reason 
for the dependence of F „ on the medium is that the charges q, and q, distort the atoms 
in the surrounding material: the electrons around the nuclei are attracted or repelled 
depending on whether the charges are positive or negative. The extent to which this 
distortion modifies the electrostatic force depends on the number of atoms per 
unit volume in the material and on the ease with which the constituent atoms may be 
distorted. Thus, gases with relatively few atoms per unit volume have little effect, 
while certain solids have a large effect on the electrostatic force. 
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Figure 12 Equal charges at the corners 
of an equilateral triangle. What is the 
force on A (ITQ 2)? 


2 0s, 2- Oey 


h= ? 7 = 10-7C = 10-7C 


Figure 13 Three charges in a straight 
line (SAQ 3). 


permittivity of free space ¢, 


dielectric constant 


Table 1 Values of é/é for certain 
materials 

dielectric 
material constant ¢/é, 
air 1.005 
glass 6.7 
nylon 3I; 
wood 2h 


2.1.4 The magnitude of electrostatic charges and forces 


2.2 


We are now in a position to be able actually to evaluate the electrostatic forces acting 
on charged particles. 


ITQ 4 What is the magnitude of the force between two charges, each of 1 
coulomb separated by 1 metre in air? On what mass of iron would the gravita- 
tional force at the Earth’s surface have this magnitude? By what factor would 
the electrostatic force be changed if the charges were totally surrounded by 
glass?(The dielectric constant for glass is 6.7, and values for 1/4mé, can be 
found in the list of constants printed on the back cover.) 


The answer suggests one of two things; either that the electrostatic force is im- 
mensely strong or that the coulomb is a very large unit of charge. In fact, there is some 
truth in both ofthese possibilities. First, the electrostatic force is very strong compared, 
for example, with the gravitational force. Even in a simple rubbing experiment it is 
quite possible to transfer sufficient charge to a balloon that the electrostatic force on it 
exceeds the gravitational force between it and the Earth. Secondly, the coulomb is, in 
practical terms, a very large amount of charge. The reason for choosing such a large 
standard unit of charge will become clear when we discuss the magnetic force law in 
Unit 8. In this Unit and in Unit 7, we will mostly be concerned with the charge carried 
by electrons. The electron’s charge (denoted by —e) is very small indeed: 


—e = —1.602 x 10°1°C 


The minus sign reminds us that the electron carries a negative charge*. The value of e 
was first measured by Millikan; his method will be explained in Section 4.4.1. The 
importance of the charge on an electron is that it is generally believed (mid-1981) to be 
the smallest unit of charge that can have an independent existence and be transferred 
from one body to another}. In a rubbing experiment, you might transfer about 10!” 
electrons (i.e. a charge of about 1077 C) to the object being rubbed. 


Since the elemental charge is so small, in macroscopic electrostatics we can assume 
electric charge to be infinitely divisible and continuous and we can ignore its ‘grain- 
iness’. We may, for example, imagine that a negatively charged body has the charge 
spread continuously over it, rather than worry about the finite number of separate 
electrons acting as point charges. We do exactly the same thing in dealing with the 
mass of an ordinary object: we imagine it to be infinitely divisible, although the 
atomic nature or ‘graininess’ of all matter implies that the mass is an integral multiple 
of the mass of one atom or molecule. 


Electrostatic forces between charged and uncharged 
bodies 


We have discussed in some detail the forces between two bodies, both of which are 
charged, but we have not yet discovered why charged balloons stick to an uncharged 
ceiling or why charged rulers can lift uncharged tissue. So in this Section, we shall take 
a brief look at electrostatic forces between charged bodies and bodies that carry no 
excess charge. In this case, although we cannot apply Coulomb’s law directly, it does 
allow us to understand qualitatively how these forces arise. 


Figure 14 illustrates the basic principle underlying all these effects. A positively 
charged body pulls the negative charge within a neutral body towards it, leaving an 
excess positive charge at the far side of the second body. We encountered a similar 
effect when we discussed the charging of a conductor by induction, but it is an ex- 
perimental fact that the type of charge distribution shown in Figure 14 can develop 
whether the uncharged body is a conductor or an insulator. In the case of a conducting 
body, electrons flow towards the positively charged body, leaving a deficit of electrons, 
a positive charge, at the most distant side. Because the electrons are nearest to the 
charged body, the attractive force exceeds the repulsive force. There is a net attraction. 
In the case of an insulating body like tissue paper, however, the electrons cannot flow 
through the body, so some other mechanism must be responsible. In insulators, the 
electrons are tightly bound to the atoms, and so in looking for the mechanism, we 
shall begin by considering a single atom subjected to an electric force. 


* Protons, the charged constituents of the nuclei ofatoms, havechargee = +1.602 x 10°-'°C 
f In Section 4.4.1, experiments aimed at detecting particles with smaller charges are described. 
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charge of an electron 


body charged 
by rubbing 


uncharged body 


Figure 14 A charged body will exert an 


electrostatic attraction onnearby 
uncharged objects. 
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Figure 15 (a) Schematic diagram of an 
atom subject to no external influences. 
(b) When a positively charged body is 
placed on the left, the positively charged 
nucleus is repelled from it, whereas the 
(a) (b) electrons are attracted towards it. 


Figure 15a schematically represents an atom subjected to no external influences. In 
this case the electron cloud* is symmetrical and is centred on the positive nucleus. If a 
body carrying a positive charge is present on the left of the atom, the electron cloud 
will be pulled towards the positive charge. This situation, illustrated in Figure 15b, is 
equivalent to the negative charge distribution in the atom being displaced a distance d 
relative to the positive nucleus. Now consider the cube of insulator shown in Figure 
16. In this figure, we imagine the insulator as decomposed into two cubes—one of 
electrons and the other of positive nuclei. When there are no external electrostatic 
forces present, these two cubes will be spatially coincident as shown in Figure 16a. 
When an electric force similar to that considered for the isolated atom acts on the 


positively charged 
nuclei 


array of atoms = (a) 


negatively charged 
electron clouds 


block of neutral 
insulator (large 


positive charge 


(b) 
to the left) 


negative 
charge 


Figure 16 Schematic diagram of a cube 
of an insulating crystalline solid made up 

(c) of a regular array of atoms. Such an 
insulator acquires induced charges 
through the distortion of individual 
atoms. 


* The concept of an electron cloud will be discussed in detail in Unit 14. For the moment, view 
it as a cloud of negative charge comprising the electrons of the atom. 
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2.3 


3.1 


cube of insulator, the electron cube will be displaced a distance d relative to the nuclei 
(Figure 16b), since all the electron clouds will have been displaced. Now when these 
displaced cubes are combined, as in Figure 16c, to reform the insulator, it is clear that 
there will be a negatively charged layer on the left hand face and a positively charged 
layer on the right hand face, while in the central portion of the block the charges will 
neutralize each other. This mechanism explains how an uncharged insulator can 


develop a similar induced charge distribution to that of a conductor. 


From here on, the argument for an insulator is exactly the same as that for a conductor. 
Coulomb’s law states that the electrostatic force decreases with increasing distance. 
Thus even though the induced charge layers in Figure 16c are equal in magnitude, the 
attractive force between the charged body and the induced negative charge will be 
greater than the repulsive force between the body and the induced positive charge. 
The result is that the uncharged body is attracted to the charged one. 


Summary of Section 2 


This Section has been concerned with the force law describing the interaction of two 
point charges. 


In its most general form, the electrostatic force law is written as 
1 qiqa fr 
Fa =—— |- eq. 3 
Ane r \r EE 


and referred to as Coulomb’s law. 


To fulfill the main objective associated with this Section (Objective 3), you should be 
able to state this equation and explain the meaning of all the terms in it. You should 
also have a qualitative appreciation of the concept of permittivity and some quantita- 
tive idea of the magnitude of the electric forces and charges likely to be encountered 
in everyday phenomena. 


The following SAQ involves the application of equation 3. 


SAQ 4 Figure 17 shows three point charges placed in a straight line. Cal- 
culate the magnitude and direction of the resultant force on each charge under 
the following conditions: 


(a) Q, =Q, = Q; =2 x 107!° C; d, = d, = 107 1° m; assume the free 
space conditions (i.e. 1/4reọ = 9 x 10° N m? C~?). 


(b) Q, = Q: = Q; = 4 x 10°19 C; d, = d, = 2 x 107 +° m; in a medium 
with a dielectric constant of 10. (Hint: you can work out the value of 1/4re for 
this medium and calculate all the forces again from scratch. However it is much 
quicker simply to use the result of part (a) and work out whether each of the 
changes will decrease or increase the force and by what factor.) 


Electrostatic potential energy 


Systems are not always easy to analyse in terms of forces; often it is quicker to con- 
sider the energy of the system. An example of this is the calculation of the maximum 
height reached by a projectile. Knowing the initial velocity it is immediately possible 
to write down an equation (the equation of conservation of energy) expressing the 
maximum height in terms of that initial velocity. The same simplification is often 
useful in electrostatic problems. Therefore, in this Section, the potential energy 
associated with the Coulomb force between two point charges will be investigated. 


The potential energy of two point charges 


Imagine a positive point charge, q,, fixed in an otherwise charge-free region of space. 
If we wanted to bring up another positive charge, q2, we would have to expend energy 
in overcoming the repulsion between the two charges. This energy must be stored 
within the electrostatic system, because if we were to release the second charge, it 
would immediately move away from the first one. How could we calculate how much 
potential (i.e. stored) energy the system possesses? 
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Figure 17 Three charges in a line 


(SAQ 4). 
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You have already met the important relationship between force and potential energy 
in Unit 4. We showed there that 


a (5) 


In this equation, F, is the component of the force F in the x direction, and dE,,,/dx 
is the rate of change of potential energy with position x, or in terms of graphs, dE,,,,/dx 
is the gradient of the graph of potential energy versus position x. Similar equations 
apply for the components of the force in other directions, e.g. the y and z directions. In 
general, we can say that the component of the force in any direction is minus the 
gradient of the graph of potential energy versus position in that direction. 


We also pointed out in Unit 4 that the relationships in equation 5 mean that: 


(i) the magnitude of the force component is greatest when the gradient of the graph 
of potential energy versus position is steepest, i.e. F, has its greatest magnitude when 
dE,,o,/dx has its greatest magnitude. 


(ii) the direction of the force component is the direction in which the potential energy 
decreases, i.e. F, is in the positive x direction if the potential energy decreases in 
the positive x direction (so that dE,,,,/dx is negative). 


In problems involving gravitational forces between two masses or electrostatic forces 
between two charges, it is convenient to concentrate on the force component in the 
r direction. As you know, 


1 
ee eee 6 and F, e —— 22 6 (eq. 2 & 4) 
r r 4né r 


r 


where r is the position (or displacement) vector of the mass or charge on which the 
force is acting from the other mass or charge. Both of these forces always act in the 
directionr or —r (though, of course, r is not a fixed direction in space, since two masses 
or charges could have any possible orientation). Thus we can fully specify the force by 
giving the component F,—that is the component of the force in the r direction*. By 
analogy with equation 5, this force component F, is related to the potential energy by 
the equation 


f=-—= (6) 


Now equations 2 and 3 tell us how the gravitational force between two masses and the 
electrostatic force between two charges depend on their separation r, but how does the 
potential energy depend on the separation? You can answer this question by doing 
the following ITQ. 


ITQ 5 In Figure 18a, we have plotted a graph of the component F, of the 
force on an object versus its separation r from a second object. The component 
obeys a simple inverse square law, F, = k/r?: as you can see, when the separa- 
tion increases by a factor of two (e.g. from 1 m to 2 m), the force decreases by a 
factor of 2?. Since F, is positive, the force acts in the r direction, which means 
that it is repulsive. Figure 18b shows a graph of a potential energy E pot Versus 
separation r for two objects. This potential energy obeys the equation Epot = 
k/r, so when the separation increases by a factor of two (e.g. from 1 m to 2 m), 
the energy decreases by a factor of 2. 


(a) By considering the general relationship between force and potential 
energy that was discussed in Unit 4 and earlier in-this section, show that the 
shape of the potential energy graph in Figure 18b is qualitatively consistent 
with the force graph in Figure 18a. (No numerical comparison is needed for this 
part.) 

(b) Determine the gradient of graph (b) at the points A, B and C (r = 1, 2, 
4 m). Compare your results with the values of F, corresponding to these three 
values of r in graph (a). Does the comparison indicate that graphs (a) and (b) 
could represent the same system? 


* Strictly speaking, we should write the r components as F or Fa., in order to be con- 
sistent. But since the double subscript is rather clumsy, we will generally drop the ‘grav’ or 
‘el and make this clear from the context. 


grav,r 
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square law; 


(c) Now look at Figure 18c. Here we have plotted curves corresponding to 
the equation Epo: = (k/r) + c. The lower of the three curves has c = 0, and so 
it is just the same as the curve plotted in Figure 18b. How are the other two 
curves related to the force versus separation graph in (a)? 


(d) Optional If you have time, you might like to use the technique of differ- 
entiation (Unit 2) to show mathematically, rather than graphically, that a 


potential energy of form Epo = k/r + c is consistent with an inverse-square 
force law. 


By using the important relationship between force component and potential energy 
(F, = —dE,,,/dr), you have shown in ITQ 5 that a potential energy that varies as 
k/r + c is consistent with a force component that varies as k/r?, i.e. 


2 


k k 
Epo = — + cis consistent with F, = — (7) 
r r 


But you know that both the Coulomb and the gravitational force law are inverse- 
square laws, and this means that the electrostatic and gravitational potential energies 


must be of the form k/r + c. It only remains to identify the values of the constants k 
and c in the two cases. 


(b) and (c), potential energy versus separation graphs (ITQ 5). 
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The gravitational force law states that the component of the force in the r direction is 
given by 
mM 


FR = =G (8) 
r 


So, in this case, the constant k takes the value —Gm,mp, and the gravitational poten- 
tial energy of two masses m, and m, separated by r is 


mm 
Ew G FE (9) 
r 


But, what is c? The answer is, it doesn’t matter. Remember that only potential energy 
differences are relevant. We could give c a value that would define the gravitational 
potential energy to be zero with the smaller body at the surface of the larger body. 
This in effect is the convention adopted when we describe the potential energy of an 
object, such as a stone, with mass m thrown into the air to a height h, as mgh. More 
often, we choose to define zero potential energy as occurring when there is infinite 
separation (r = 00) between the masses. With this convention, 


Eg = —G eles where E,,., = 0 when r = œ (10) 
r 


In the electrostatic case, the force law states that the component of the force in the r 
direction is given by 


l 4142 
eer 
4né) r 


(11) 


for charges in free space. Comparing this with equation 7, the constant k must take 
the value q1q2/4T£0. At r = œ, the potential energy is E. = k/oo +c=c 


Again, it is often convenient to choose to define the potential energy of the system to 
be zero when the two charges are at infinite separation, so we will therefore set c = 0. 
The final expression for the electrostatic potential energy of two point charges in free 
space is then 


1 
Ey = ee Ea = 0 when r = œ (12) 
4ney r 


Equation 12 is of great importance and one that you should remember. Together with 
the Coulomb force law, it will enable you to solve many problems in electrostatics. 


ITQ 6 Why do the expressions for the gravitational force and potential 
energy (equations 8 and 10) include a minus sign, while those for the electro- 
static force and potential energy (equations 11 and 12) do not? 


Before ending this Section, there is one further subtlety of which you should be aware. 
It is meaningless to refer to the electrostatic potential energy of an isolated charge. 
The equation we have derived is the electrostatic potential energy of two charges 
separated by a distance r. The potential energy only exists because of the forces 
between the charges. In certain contexts, we might refer to the potential energy of an 
object without specifying the rest of the system with which the object is interacting. 
For example, earlier in the Section, we used the phrase ‘the potential energy of... a 
stone ... at a height k’. Here the other part of the system with which the stone is 
interacting is clearly the Earth, via the gravitational force. But, beware of allowing 
such loose descriptions to obscure the origins of potential energy. A charge in isola- 
tion does not have potential energy. 


SAQ 5 (a) How much energy is required to bring two table tennis balls, each 
with a charge of 107° C, from a separation of 10 m to a separation of 10 cm? 
(b) The mass of the table tennis balls was not specified in part (a) of the ques- 
tion. Make an order of magnitude calculation to show that this omission was 
justified (i.e. estimate the masses involved and compare the importance of the 
gravitational and electrostatic contributions to the potential energy change). 
(Values of 1/47&, and G are included in the list of constants printed on the back 
cover.) 


gravitational potential energy of two masses 


electrostatic potential energy of 
two point charges 


3.2 Summary of Section 3 


After completing this Section, you should be able to fulfill Objectives 4 and 5. To do 
this, you need to recall from Unit 4 that the force on a body is equal to minus the 
gradient of the potential energy versus distance graph. This expression is quite 
general, and may therefore be applied to the electrostatic case as well as to the gravita- 
tional case. 


The electrostatic force component is related to the potential energy by 


dE., 
pS Sse 6 
F ar (eq. 6) 


The Coulomb force law (eq. 3), which may be written as 


1 4142 
a . 1 1 
4né 1? yin 


r 


then implies that the equation for the electrostatic potential energy of two 
point charges is 


_ 1 a% 
4né) F 


where E,, = 0 when r = œ. 


These may be compared with the corresponding equations for the gravitational case 


(eq. 12) 


el 


F, = —Gm,m,/r? (eq. 8) 


Egray = —Gm,m;/r, where Egray = 0 when r = œ (eq. 10) 


SAQ 6 A model of the hydrogen atom consists of an electron with charge 
—1.6 x 107 1° C moving around a proton with charge +1.6 x 10719 Cina 
circular orbit of radius 5 x 1071! m. (a) Calculate the ratio of the electrostatic 
to the gravitational force between the proton and the electron. (b) How would 
the answer to part (a) change if the radius were increased? (c) How much 
electrostatic potential energy must be supplied to remove the electron from the 
atom? (Values of constants are printed on the back cover.) 


The electric field 


One of the corner-stones of classical physics, ranking alongside Newton’s contribu- 
tion to mechanics, is James Clerk Maxwell’s theory of electromagnetic fields. Through 
this theory, Maxwell was able to predict the existence and speed of electromagnetic 
waves and to identify light itself as being such a wave. In all these predictions, he was 
vindicated. Maxwell’s ideas are rather complicated to express precisely, but their 
main features will be described in Unit 8. In this Section, we will begin to lay the 
groundwork for that discussion by introducing the field concept and describing, in 
particular, the electric field. 


In Section 4.1, the basic definitions relating to electric field are given. These are 
reiterated in a wider context in Sections 4.2 and 4.3, which are contained in a tape 
sequence—the field concept is sufficiently important to merit this repetition. Then in 
Section 5, we will introduce another useful quantity, the electric potential, which is 
closely related to the electric field. 


Sections 4 and 5 are the most important parts of this Unit. However, do not worry too 
much if the concepts of field and potential seem difficult at first. You will be repeatedly 
exposed to their uses in the next two Units and by the time you reach the end of Unit 8, 
much of the apparent difficulty should have evaporated. 
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4.1 Defining the electric field 
To introduce the concept of the electric field, try the following ITQ. 


ITQ 7 A small body carrying a charge Q = 10 © C is placed at a point 
designated as the origin O (Figure 19). (a) Evaluate the magnitude and direc- 
tion of the electrostatic force on a body carrying a charge q = 10 7 C placed 
at the point P that has position vector r. (b) Using the result of part (a), 
evaluate the force (magnitude and direction) on a charge of 2 x 1077 C 
placed at the point P. 


@ P(x,y,z) 


The major point to note about the example treated in this ITQ is that once we had 
calculated the force on the 10° ’ C charge at P, we did not need to use the value of Q to 
work out the force onacharge of2 x 10-77 Cat P. This isa very important conclusion, 
because it means that given the force on a known charge at a particular point, we can 
calculate the electrostatic force on any charge placed at that point. Quite simply, the 
electrostatic force is proportional to the charge. One way of thinking about this 
situation is to imagine some property associated with the point that determines the 
electric force on any charge placed at this point. This property is called the electric 
field & at the point*. It can be determined by dividing the force on a charge placed at 
the point by the value of that charge. In this way, the electric field is defined at any 
point in space, even though there may be no charge at that point to experience an 
electrostatic force. 


In other words, the electric field at a point in space is the force that a unit positive charge 
would experience if placed at that point. For a point defined by a position vector r, we 
may write 


&(r) =F (onqat r) (13) 


defined by position 


: (‘sen neaka in ) (force on charge q at point r) 
i.e. = 
vector r 


charge q 


Note that this is a vector equation, which contains information about both the 
magnitude and the direction of the electric field. Thus 


electric field at 
charge q 


("see ar) 3 _ (magnitude F of force on charge q at r) 
point r 


and 


direction of force a) 


(direction of electric field at point r) = | (positive) charge q 
at point r 


Before proceeding, let us stop for a moment and consider the problem of notation. 
Equation 13 is a shorthand way of describing the electric field at a point P. How do 
we explain where this point P is in space? Look again at Figure 19. To explain how 
to get somewhere, the first thing to do is to define the starting place. We have done 


* Take care to note the difference between the vector quantity & and the magnitude of that 
quantity—the scalar &. 
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Figure 19 What is the force on a 
charge at P due to another charge at O 
(ITQ 7)? 


electric field & 
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this by putting charge Q at the point O. The electric field at P is due to the presence 
of Q, so it is entirely reasonable that the site of Q should be chosen to define our 
starting place. Once we have chosen the fixed point O, there are several ways in which 
we could explain how to get to point P. We could make O the origin ofa set of Cartesian 
coordinates and describe P as the point (x,y,z). In that case we would write equation 
13 in the form 


1 
6(x,y,z) = — Fa (on q at (x,y,z) (13’) 
q 


What we in fact chose to do when writing equation 13 was to define the position of P 
by its position vector r. This states exactly how far P is from O (of course, r = 
A (x? + y? + z°)) and along which direction. In the rest of this Unit, we shall 
continue to use the position vector notation, but it is important that you realize the 
equivalence of equations 13 and 13’, because you will need to use the (x,y,z) notation 
in Unit 8. 


Let us now apply the definition of electric field to a concrete situation, the one 
described in ITQ 7 and illustrated in Figure 19. In that case, the electrostatic force 
on the 1077 C charge at the point P had magnitude 9 x 1074 N and pointed along 
the direction of r. We shall write this force as Fa = 9 x 107 4(r/r) newtons, where 
(r/r) is, you will remember, a unit vector in the r direction. Now using equation 13, we 
obtain 


&(r) = “Fong at r) 


x9 x io-«(*) N 
r 


Sars 
r = 
= 9x œE) nec 1 
r 
The electric field is of magnitude 9 x 10° N C7! and is in the direction of r. 
We are now in a position to work out a general expression for the electric field &(r) 
at an arbitrary displacement r from a point charge Q. Suppose we were to use a 


positive charge of magnitude q to measure the electrostatic force due to the fixed 
charge Q. Then from Coulomb’s law 


PEONO Q= fE 
Be eiei 4neor? () a 4neor? () 


But applying the definition of the electric field, we obtain 


F (on q at r) = g&(r) 


Comparing these equations, we obtain 


(14) electric field due to a point charge 


This tells us that the magnitude of the electric field at displacement r from a charge Q 
is 


1Q| 


== 
(r) 4neor? 


(where we have used the modulus signs around the charge Q because the magnitude 
of the electric field must be positive even if the charge is negative). Equation 14 also 
tells us that the electric field &(r) is in the r direction if the charge Q is positive and in 
the —r direction if Q is negative. 


Now you should be very careful in interpreting this latter result. Remember that 
equation 14 describes the electric field at a position r measured from the charge that is 
the source of the electric field. It is only because we chose—for convenience—to 
measure position vectors from the position of charge Q that &(r) is in the r direction. 
Had we chosen to measure positions from some other origin, then &(r) would not 
have been in the r direction. It is very important to remember that: 


&(r) means the electric field vector at position r with respect to some specified origin; 
in general, the direction of &(r) is not the direction of r; 
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4.1.1 


4.2 


&(r) contains exactly the same information as &(x,y,z), the contents of the brackets 
are simply alternative ways of specifying the position at which the electric field is 
determined. 


Addition of electric fields 


Suppose that two sources produce electric fields &,(r) and &,(r), respectively, at a 
point P that has position vector r, as shown in Figure 20a. Then for a given test 
charge q, the forces F, and F, due to these sources are g& ,(r) and q&,(r) respectively. 
(This follows directly from the definition of the electric field.) But forces are added 
vectorially, so that the total force Fotai on q is given by 


Foa = Fy +F; 
= gé\(r) + gé2(r) 
= q(& (r) + &2(r)) 


But the total electric field &,,,.(r) is defined by equation 13 as the total force per unit 
charge. So in this case 


F orai = qó rota") 


Comparing equations, we must have 


Eroralt) = Eilr) + (r) | (15) 


Thus the total electric field is the vector sum of the electric fields produced by the two 
sources. In other words, electric fields add vectorially just as forces do (Figure 20b). 


Frio = qQ(E\(r) + 6, (r)) 


F» =q €2(r) 


F, =q €,(r) 
(b) 


(a) 


The following SAQ illustrates how the idea of the electric field may be used. Try it 
before going on to the next Section, which investigates the field concept in a more 
general context. 


SAQ 7 Electrons are emitted from a hot wire with a negligible velocity. They 
are then accelerated by a constant electric field of magnitude 104 N C7! 
through a distance of 0.1 m. Calculate values for (a) the magnitude of the force 
on an electron, (b) the magnitude of its acceleration, (c) its time of flight, (d) its 
maximum speed. 


The field concept 


Study comment Sections 4.2 and 4.3 are audiovision sequences. The commentaries 
are on Tape 2, and each is approximately 15 minutes long. The diagrams accompany- 
ing the commentary are printed below. Frames 1-7 are associated with Section 4.2, 
and Frames 8-13 with Section 4.3. You will need to have at hand a pen or pencil while 
listening to the tape. 
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Figure 20 (a) What is the total electric 
field at point P due to the presence of the 
charges at points A and B? (b) The total 
electric field at the point P, as tested by a 
charge q, is equal to the vector sum of the 
individual electric fields. 
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A field is: : 
a region of space where some quantity, 
has a definite value at every_point 


1:010 1:006 


027 


1-037 1-034 1:030 


temperature field (°C) _pressure field (bar) 


region — British Isles 
some quantity. — temperature or pressure 
definite value — the same whatever instrument is used 


at every_point 


Fields must not depend on the way in which they are measured 
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@ Isotherms and isobars 


6 
7 SS 
6 = s 
8 2 
7 
9 am 
ž n 
e - 
==) a. ! 02 
10 g Ek 1.036 1.032 1.028 
Lines of equal temperoture (°C) Lines of equal pressure (bar) 


Temperature and pressure fields are scalar fields 


arrow points in the 
direction of the 
wind 


length oc wind speed 


The wind velocity field is a vector field 
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@ Detining electric field 


The definition of electric field must 


© 


© 


describe the spatial variation of a quantity with a definite value 
at each point 


characterise the electrostatic force felt by a charged body in 
the field 


not depend on the charge used to measure it 


E t 
electric field at r = ee ES 
charge q 


vector 


field 


Field due to point charge 
pits 32 
£l) = Are, rÊ 


E(r) does not depend on 
test charge q 


€, due to O, 


Fields add vectorially 
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O Practice in constructing fields 


Three 
electric 
fields 


Three 
distributions 
of sources 
charges 


(73 The gravitational field 


What quantity is the same for all objects experiencing 
gravitational attraction at a particular point? 


answer 


ee Egrav ON mass = Ea on charge 


mass charge 


gravitational field electric field 


Earth’s gravitational field 


A uniform field-one that 
doesn’t change with position 
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8) A point charge: Field representations 


field lines 


To draw field lines, make 


O the tangent to the field line parallel to the electric field 
©) the spacing of the field lines inversely proportional to the magnitude of the electric field 


@) the field direction clear by putting arrows on the lines 


Field lines emerge from + charges and 
disappear into — charges 


field lines You can choose any number of field lines 
disappear per unit charge 


Draw inthe field lines 


field lines emerge 
symmetrically 


10) Observing electric fields 


If the forces do not The torques align the 
act along the same bodies with the field. 

line, there will be a Attractive and repulsive 
torque on the body forces between induced 


charges line them up 
‘head to tail’ 


(11) Electric field patterns using_lycopodium powder 


pair_of 
point_charges 


parallel plates 


+t+t+t+++++++++++++ 


infinite 
parallel zero field 
plates outside plates 


28 


12) An electric field pattern 


5 lines disappear 


symmetrically > sae 2-d represention 


® Summary. 


D Field- a region where some quantity has a definite value at every point. 
e.g. scalar — temperature, pressure 
vector — wind velocity, electric, gravitational 


@) Electric field at r 


F on test charge at r 
charge 


(3) Electric field due to point charge 
ene = 


rmes r? 


E(r) = 


(4) Electric fields add vectorially 


Era = Ert E, 


©) Gravitational field at x 


_ force on test mass 
test mass 


© 


1 


Hie Se field strength 


emerge 


choose no. from + charges 


of lines per 
unit charge 


@) Field within parallel plates 


Uniform between the plates (and zero outside) 


29 


4.4 


4.4.1 


Frame 13 lists all the crucial concepts and equations that you need to remember in 
order to fulfil the main objectives associated with Sections 4.1, 4.2 and 4.3 (Objectives 
6 and 7). Before moving on to consider some practical applications, check that you 
have mastered the main ideas of these Sections by trying the following SAQs, both of 
which are quite short. 


SAQ 8 If the force on an electron at a particular point is 10714 N in the 
direction of the positive y axis, calculate the electric field at that point and the 
force on an «-particle at the same point. (The charge on an a-particle is +2e.) 


SAQ 9 Do charged particles always move along electric field lines? 


Applications of electric fields 


Electric fields and electric forces are, of course, used very widely. The two applications 
described here demonstrate the basic principles of many electrostatic devices and 
involve fairly straightforward geometrical arrangements. The first example, taken 
from pure physics, is the Millikan oil drop experiment, which was the first method 
used for the accurate determination of the charge on the electron. Then we will 
look at the electrostatic dust precipitator, which removes dust from flue gases. 


The Millikan oil drop experiment 


Before R. A. Millikan began his series of experiments in 1909, the existence of the 
electron was uncertain. A number of experiments suggested that electrical charge was 
atomic in nature, i.e. it existed only in small indivisible quantities, but no one had 
succeeded in measuring the charge on one of these ‘atoms of electricity’. J. J. Thomson 
in 1897 managed to measure the charge to mass ratio of the electron, —e/m,, but his 
experiments provided only a rough estimate of the quantity of charge carried by one 
electron. 


Why is it easier to measure the charge to mass ratio than to measure the charge itself? 
Well, the reason is straightforward. The acceleration of an electron in a uniform 
electric field & is given by 


Therefore 


e 
a=-—€6 (16) 
Me 
Thus, acceleration, the easily measurable parameter, only yields the charge to mass 
ratio. The problem lies in finding a way of eliminating the electron mass. 


The idea behind Millikan’s experiment to determine the charge on the electron was to 
attach a number of electrons to an oil drop. In this way, the mass in equation 16 
became the mass of the oil drop plus the mass of the electrons: since the mass of the oil 
drop is much larger than that of an electron it can be more easily measured. 


In the experiment, small droplets of oil were allowed to fall into a region of uniform 
electric field & between two oppositely charged plates (Figure 21a). The drops were 
charged by friction as they were formed, and their charge could be changed by ionizing 
the air around them with X-rays or a radioactive source. The field was directed so that 
the electric force on the negatively charged drops was in the opposite direction to the 
gravitational force (Figure 21b). Millikan looked at the drops through a microscope, 
selected one drop (which we shall suppose had mass Marop and carried charge q), and 
adjusted the electric field until the electric and gravitational forces balanced. Thus 


magnitude of upward force = magnitude of downward force 
gé = IMarop (17) 


where g is the magnitude of the acceleration due to gravity. 


Millikan wanted to measure q. He could determine & by some other means, and he 
knew g, but he did not know the mass of the oil drop. To determine this mass, he 
devised a very ingenious procedure. He switched off the electric field and allowed the 
drop to fall under gravity until it reached its terminal velocity, i.e. the velocity at which 
the magnitudes of the forces on the oil drop due to the air resistance and gravity are 
exactly equal. (This situation is exactly analogous to that of the parachutist discussed 
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Millikan oil drop experiment 


charge to mass ratio of the electron 


(a) 


al 


charged 
: lates 
J pinhole P 


Tii am ares 
CH e 5 
a 


atomizer 


ae g 


microscope 


< 
7 


at the beginning of Unit 4.) Millikan knew that this terminal velocity was proportional 
to the cross-sectional area of the oil drop divided by the viscosity of the air. From the 
terminal velocity of the drop, and using the known value of the viscosity of air, he was 
therefore able to calculate the radius and hence (knowing the density of the oil) the 
mass of the oil drop. Millikan’s data were very precise: he measured temperatures to 
an accuracy of +0.01 °C and pressures to +0.01 millimetres of mercury, which 
allowed him to calculate the mass of the droplets of oil to within one part in 10'° ofa 
milligram! Having determined the mass of an individual drop, it was a simple matter 
to work out the charge carried by the drop directly from equation 17. 


A very small selection of Millikan’s original data on one particular drop (converted 
into SI units) is shown in Table 2. 


On examining the values of the charges obtained (the first column), Millikan noted 
that they were all integral multiples of one charge, which he took to be the ultimate 
unit of charge—the charge on the electron itself. The second column of Table 2 shows 
the appropriate integral multiples; the corresponding values for the electronic 
charge are given in the final column. Millikan repeated this experiment on sixty 
consecutive days, and observed drops with charges ranging from —1.6 x 107 2C 
to —217.6 x 107 1° C. In other words, some of his drops carried a single electronic 
charge and one actually carried 136 electronic charges. From all these results, he 
finally calculated the charge on an electron to be 


—e = —(1.6303 + 0.0008) x 107+? C 


The currently accepted value is about 2 per cent smaller than this, and the reason for 
the discrepancy is simply that the value Millikan used for the viscosity of air was 
wrong: he had a systematic error in his experiment. When his data are reworked using 
the current best estimate of the viscosity of air, the value Millikan would have obtained 
is within half a per cent of the currently accepted value, which is (in 1981) 


—e = — (1.602 189 2 + 0.000 004 6) x 107+? C 


For all calculations that you make in this Course, the approximation e = 1.60 x 
10~ 1° C will be sufficiently accurate. 


Millikan’s assumption that the charge he measured was the smallest unit of charge 
capable of an independent existence has been amply verified by a large number of 
experiments. It is an indication of the quality of the design of the Millikan experiment 
that as recently as 1977, a group of physicists in the U.S.A. resurrected the technique, 
with niobium spheres instead of oil drops, in their efforts to detect free quarks. Quarks 
are believed to be the building blocks of the nuclear particles, and although their 
observation as free particles has never been confirmed, they are expected to have 
charges of +4e and +4e. This research is now being pursued at several centres, but at 
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(b) 


Figure 21 (a) A diagram of Millikan’s 
original apparatus. A fine spray 
‘atomizes’ the oil, dispersing it into tiny 
drops. The electric field is applied by 
connecting a battery (~ 10kV) across 
the plates. The area between the plates is 
brightly lit and the falling drops can then 
be observed through a travelling 
microscope. The downward speed of a 
drop can be determined by measuring the 
time it takes to fall through a known 
distance. (b) Schematic view of an oil 
drop between the charged plates. The 
upward electrostatic force g& and the 
downward gravitational force mg must 
exactly balance when the drop is 
stationary. Note that q is negative, so the 
electrostatic force is in the opposite 
direction to the electric field. 


Table2 A selection of Millikan’s data for 


one drop 
Charge 
on drop Charge 
Number of ———————_ 
—10-!°C clectronsn —n x 1071? C 
8.20 5 1.640 
11.49 7 1.641 
13.13 8 1.641 
11.49 T 1.641 
9.87 6 1.645 
8.20 5 1.640 
8.20 5 1.640 
8.20 5 1.640 


electron charge 
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4.4.2 


the time of writing in mid-1981, no definite result has emerged. Perhaps, by the time 
you read this Unit, more definite statements will have been made. 


The significance of Millikan’s result should not be underestimated. First, it confirmed 
the atomic nature of electricity and gave a value for the smallest unit of charge. 
Secondly, since the charge to mass ratio of the electron was already known, it provided 
the first determination of the electron’s mass. Also of great importance was the fact 
that Millikan’s results, together with evidence from electrochemistry, allowed the 
first accurate determination of the number of atoms in one mole, ice. Avogadro's 
number, which in turn allowed the masses of atoms themselves to be deduced. 


Having discussed the Millikan oil drop experiment, which used a uniform electric 
field between two parallel plates, we shall now turn to a device which uses a highly 
inhomogeneous field: the electrostatic dust precipitator. 


The electrostatic dust precipitator 


Many industrial processes, for example, the burning of fossil fuels, the production of 
certain chemicals, the manufacture of bricks, etc., release into the atmosphere 
substantial amounts of particulate matter. This dust is carried by the plant’s exhaust 
gases and can be seen as large dark clouds above industrial chimneys. Many millions 
of tons of these small particles are emitted each year by industry. The electrostatic 
dust precipitator provides one of the cheapest methods of reducing the amount of 
dust that gets into the atmosphere. 


The centre-piece of this device is a cylindrical metal tube with a negatively charged 
wire along its axis, as shown in cross-section in Figure 22. Notice how the electric 
field lines are closer together near the central wire: the electric field is much stronger 
close to the wire. In fact, it is quite possible for the strength of the electric field close to 
the wire to exceed the breakdown field strength (3 x 10° N C7!) necessary to free 
electrons from air molecules. The freed electrons are then attracted towards the 
outer wall, but on their way, some hit dust particles and become attached to them. 
In their turn, these now negatively charged dust particles are swept out to the cylinder 
wall. Figure 23 shows how this effect is exploited to remove dust from a chimney stack. 


clean gas 
out 


/ 


insulator 


(a) (b) on St enw 


The electrically charged particles collect on the outer wall. Occasionally, the wall is 
made to vibrate: the dust particles are then shaken free and fall into the trough at the 
bottom. Such systems can remove up to 99% of the particulate matter in flue gases. 
Alas, however, they are ineffective in removing gaseous chemical pollutants, like the 
oxides of sulphur and nitrogen. 


SAQ 10 In Millikan’s experiment the oil drops were charged by friction 
before they were allowed to fall through a small hole in the top, positively 
charged, plate. Why weren’t they all attracted to the plate before they went 
through the hole? 
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electrostatic dust precipitator 


Figure 22 A cross-section of the 
cylindrical conductor system used in an 
electrostatic dust precipitator. Notice that 
the field increases towards the negatively 
charged central wire. 


Figure 23 (a) The operation of an 
electrostatic dust precipitator. (b) An 
illustration of what happens when a dust 
precipitator is turned off. The lower 
figure shows a large alumina processing 
plant in normal operation; the top figure 
shows the plant after the precipitators 
were momentarily taken out of operation. 
(Courtesy Lodge Cottrell Ltd.) 


5.1 


Electric potential difference 


Electric potential 


In Section 3, we discovered that it was useful to consider certain electrostatic force 
problems in terms of the potential energy of the charges. One justification for this is 
the fact that the components of the force can always be deduced from the potential 
energy gradient, that is 


dE 


x 


pot 


F=- 


, where F, is the component of F in the x direction. 

Earlier in the Section, the electric field was introduced as the electrostatic force per 
unit charge: 

electric field at a point defined by the position vector r 


= force per unit charge at that point 
1 

&(r) = — Fa (on q at r) (eq. 13) 
q 


The beauty of the electric field is that it is independent of the value of the test charge q. 
This Section introduces another concept, the electric potential, which is related to the 
potential energy in exactly the same way as the electric field is related to the electro- 
static force. In other words, the electric potential at a point is defined as the potential 
energy per unit charge at that point. 


potential energy of system with charge q at r 
charge q 


electric potential at point r = 


Denoting the electric potential by the letter V, 


V(r) = ; Ea (with q at r) (18) 


Let us look a little more closely at this definition for a particular situation. 


test charge q 
@/ position defined with = 
to Q by the vector r 


fixed charge Q 


Figure 24 The electrostatic potential energy of a test charge q at a displacement r from a 


1 
source charge Q is —— 12 ; 
4nEo r 1 Q 
The electric potential at displacement r from the source charge is are 
Eg F 


Figure 24 shows again the arrangement discussed in Section 3.1: q is a point charge at 
a displacement r from a fixed charge Q. In Section 3.1, we discovered that the electric 
potential energy E., was given by 


qQ 


Ea(r) = Ane r 
0 


Inserting this value for E,, into equation 18 yields an expression for the electric 
potential due to a point charge Q: 


(19) 


Thus the electric potential is independent of the value of the test charge q, and depends 
only on the source charge Q and the position r. At each point in space, it can be 
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electric potential 


electric potential due to a point charge 
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5.1.1 


specified by anumber (plus unit). Since the electric potential has no direction associated 
with it, it is a scalar field, and not a vector field. This is implicit in the notation we 
use—a simple italic V rather than a bold italic V. The symbol r in the parentheses 
simply denotes that the value of V depends on position r, and it does not mean that 
V acts in the r direction. Partly because the electric potential is a scalar quantity, 
it is often easier to handle than the electric field. You will see evidence of this later 
in the Unit. 


In Section 3.1, you saw that the absolute value of the potential energy is unimportant: 
the only useful parameter is potential energy difference. Is the same true for the electric 
potential? Does its absolute value have any significance, or are only potential 
differences important? Does it mean anything to say that the potential at a point has 
a given value? 


ITQ 8 Decide whether each of the following statements is true or false. (a) 
The zero level of potential energy is arbitrary. (b) The zero level of electric 
potential is arbitrary. 


If we always dealt with artificially simple systems, such as point charges, the choice of 
a position at which the electric potential was zero would be obvious. We would choose 
infinite separation from the source charge, i.e. r = œ. Often, in more complicated 
systems, an alternative choice is made, and it is important to realize why. Because the 
zero of potential is arbitrary, it is potential difference, the physically significant 
quantity, that is measured. In most experiments, infinity isn’t accessible, and so the 
potential differences are conveniently measured between the point of interest and a 
defined, more accessible point. For example, we might choose the electric potential 
of the Earth to define our zero. Then all potential differences would be measured 
between the point of interest and the Earth. You will put these ideas into practice a 
little later in the Unit. 


It is clear from equation 18 that the units of electric potential (and potential difference) 
are J C~'. This unit is used so frequently, however, that it is given its own name, the 
volt, which is represented by the symbol V. 


1 volt = 1 joule per coulomb 


20 
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At first sight, potential difference may appear to be rather an abstract quantity, but in 
fact you use the concept every time you refer to the voltage of a battery. When you say 
that your car has a 12 V battery, this is really a concise way of saying that the potential 
difference between the negative terminal of the battery and the positive terminal is 
12 V. 


SAQ 11 What is the potential energy change when 2 coulombs of charge 
flow from one terminal of a 9 V battery to the other through a radio? 


We shall now look briefly at a very different application of the ideas of electric poten- 
tial difference. 


lon thrusters 


Synchronous satellites used for communication purposes must orbit the Earth in 
such a way that their position relative to the Earth’s surface does not change. To do 
this, they must travel in a circular orbit with an orbital period of one day. A satellite 
in such an orbit is perturbed by the gravitational attraction of the Moon, and so 
regular corrections must be made to its position to ensure the continued usefulness of 
the satellite. Synchronous satellites are therefore equipped with thrusters, which can 
exert the small forces necessary to maintain the prescribed orbit. One of the devices 
used for this purpose is the ion thruster. This ejects ions* with a certain momentum in 
one direction, and imparts an equal and opposite momentum to the satellite. (Remem- 
ber that total momentum is a conserved quantity.) We shall now calculate the means 
of doing this that will consume the minimum amount of energy. 


* Ions are atoms that have gained or lost one or more electrons, and therefore have a net 
negative or positive charge. 
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electric potential difference 


volt V 


voltage 


ion thruster 


TN 


positive ions 
SSS 


neutral atoms 


ion focusing accelerating electron 
source ring electrode emitter 


The arrangement used is shown schematically in Figure 25. Positive ions (i.e. atoms 
that have had one or more electrons removed) are emitted by a source S and attracted 
towards the negative electrode N, the electric potential of which is V volts below that 
of the source. The beam of ions then passes through the ring E, which is an electron 
source. The electrons neutralize the ions. If the ring E were omitted, the positive ions 
would leave an excess negative charge on the satellite. The positive ions would be 
drawn back to the satellite and that would prevent any permanent transfer of 
momentum from the ions to the satellite. 


Let us consider one single ion of mass mand charge q moving through the ion thruster. 
As it is accelerated towards the electrode N, the ion acquires kinetic energy mv? at the 
expense of a loss in electrostatic potential energy qV. 


Thus, using the principle of conservation of energy, 


2qV\1/? 
ee 
m 


This ion carries with it momentum of magnitude mv = (2mqV)!/?, and momentum 
of the same magnitude, but in the opposite direction, is imparted to the satellite. 
During this process the electrical system has given up the electric potential energy 
qV. The performance of the thruster may be defined as the ratio 


momentum given to the satellite 
performance = 


electrical energy used 
mO" E (2m\"? 
— ee Nar 
Thus the best performance will be obtained using the heaviest ions available with the 
lowest charge q. 


In this example, we have been calculating energy and momentum changes when 
particles move through a given potential difference. Often, in such problems, it is 
convenient to use, instead of the joule, a new unit of energy, the electronvolt. This is 
simply the energy change of an electron moving through a potential difference of 
1 volt. The definition is based on equation 18, which can be rewritten in the form 


E. = qV (21) 
1 electronvolt = e x 1 volt 
ie 1 eV = 1.602 x 10° 1°J (22) 


SAQ 12 Suppose that an ion thruster uses argon ions (Ar*) (of mass 
6.6 x 10726 kg and charge e) and that it fires 10+? ions per second through an 
electric potential difference of 1 kV. Calculate (a) the momentum given to the 
ions each second and hence the force on the satellite, (b) the kinetic energy (in 
electronvolts) given to each argon ion, and (c) the electrical power consumed 
by the ion thruster. 


Relating electric field and electric potential 


We have already met three relationships between the various quantities describing 
electrostatic systems. These are: 
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Figure 25 Schematic diagram of an ion 


thruster. 


electronvolt eV 
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the component of the force on _ minus the gradient of the electric potential 
a particle in a given direction energy versus distance curve for that 
direction 


(eq. 6) 


e.g. F=- 


electric field at a point r = force per unit positive charge placed at that point r 


i.e. &(r) = F (onqatr) (eq. 13) 


electric potential at a point r = electric potential energy per unit charge at 
that point r 


1 
V(r) = — Ea (with q at r) (eq. 18) 
4 


From these equations, we can derive a fourth relationship, namely that between the 
electric field and the electric potential. From equation 18, it follows that the rate of 
change of the electric potential with position is equal to the rate of change of the 
potential energy per unit charge, that is 


dV 1dE 
a eel (23) 
dr qr 
Now using equations 6 and 13, we can rewrite equation 23: 
Wea Sil Gh 
dr q espe 
Thus 
dv 
i (24) 
z dr 
or, even more generally, the electric field component in any direction 
is equal to minus the gradient of the electric potential in that same 
direction 
eg. pas (25) 
dx 


In practice, we determine the electric field component by measuring the change in 


potential AV over a distance Ax, rather than measuring the gradient of the potential at 
a point. In this case, 


URE (25') 


and this approximation becomes more and more accurate as the distance Ax becomes 
smaller. ; 


The following SAQs illustrate the application of this important relationship and 
relate the various units in which & may be measured. 


SAQ 13 The maximum electric field strength that can be sustained in air 
without breakdown occurring is 3 x 10° NC™~!. What is the maximum 
electric potential difference that can be sustained between two points 1 cm 
apart? 


SAQ 14 Suppose that the electric potential difference between the live and 


neutral sockets of a domestic power point is 240 V and that their separation 
is 1.5 cm. What is the average magnitude of the electric field between them? 
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5.2 


5.3 


Field representation using potentials 


In Section 5.1, we discovered how the electric potential difference is related to the 
electric field, and we also noted that one reason for the importance of electric potential 
difference is that it is easily measured. In this Section, we show how electric potential 
difference can be represented to provide a way of visualizing the electric field. Think 
back for a moment to the contour maps discussed at the end of Unit 4 and in TV 6. 
On such maps, contour lines connect points of equal height h above sea-level. The 
closer the contour lines, the steeper is the route up a mountain, i.e. the more quickly a 
climber’s potential energy changes with distance travelled along the path. Do you see 
where the argument has taken us? From a diagram representing the lines of equal 
height, we have arrived at a conclusion about the way in which the force supplied by 
the climber varies with position: we have constructed a force field. 


This technique is not restricted to the gravitational field. Imagine two point charges 
q, and q, separated by a distance R. If q, is held fixed, q, may be moved from its 
initial position to any other part on the surface of an imaginary sphere centred on q, 
and of radius R without any change in the energy of the system. All the points on this 
imaginary sphere are therefore at the same potential: the sphere describes an equi- 
potential surface. Figure 26 shows the spherical equipotential surfaces that are at 1, De 
3, 4 and 5 volts (assuming V = 0 at infinity) around a charge of 1071! C. 


ITQ 9 What can you say about the relationship between the spacing of the 
equipotential surfaces in Figure 26 and the magnitude of the electric field ? What 
can you say about the relative orientations of the equipotential surfaces and 
the electric field lines for a point charge? 


In this example, the radial electric field is perpendicular to the spherical equipotential 
surfaces. But is it generally true that field lines cut equipotentials at right angles? 
To answer this question, consider two adjacent points A and B on the same equi- 
potential (Figure 27). Then, by definition, A and B must be at the same potential. 
But equation 25 (£, = —dV/dx) tells us that as V does not change between A and B, 
then there can be no component of & in the direction joining the two points. If the 
electric field exists at all in this region, then the only directions along which it has no 
components are in the plane at right angles to it. Hence electric field vectors always 
cut equipotential surfaces at right angles. 


One reason we have spent time on the relationship between equipotentials and the 
electric field is that it forms the basis of the Home Experiment associated with this 
Unit. The experiment should help to clarify all the major ideas of this Section. 


Summary of Sections 4 and 5 


These two Sections form the core of this Unit, and it is therefore appropriate to review 
them together. After listening to the tape sequence, you should have a general 
appreciation of what a physicist understands by a field. The field concept is one that is 
used a great deal in science, and the essential property of a field is that it associates 


S271 UNIT 6 


equipotentials 


Figure 26 The equipotential surfaces 
around a point charge are spheres. Notice 
the increasing separation of the spheres 
with increasing distance from the charge. 


€quipotential 


Figure 27 Since A and B are at the same 
potential, there can be no force 
component (and therefore no electric 
field component) along the line between 
them. The electric field vector € must 
always cut equipotentials at right angles. 
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either a vector or a scalar uniquely with each point in space. Examples of vector fields 
are the electric and gravitational fields, while the temperature and atmospheric 
pressure fields are examples of scalar fields. 


The electric field can be represented by using arrow diagrams or electric field lines, 
and observed by using small freely rotating insulating particles. The Millikan oil drop 
experiment and the electrostatic dust precipitator can be explained by using the field 
concept. 


Since the electrostatic force on a charge q is always proportional to that charge, it is 
possible to define the electric field_as 


electric field = force per unit charge 
1 
&(r) = — F (on gat r) (eq. 13) 
q 


where the position of q is described by the vector r. 
The electric potential at a point is defined as the potential energy per unit charge 
placed at that point 
1 = 
i.e. V(r) = — Ex (with q at position defined by r) (eq. 18) 
q 
A particularly useful way of representing the electric potential is by plotting equi- 
potentials. Electric field lines always cut equipotentials at right angles. 


The following scheme sums up the various equations that relate electrostatic force, 
electric field, electrostatic potential energy and electric potential. 


electrostatic AE,, ~ —F,Ax —— +) electrostatic 
force F ZAE, potential 
x Z —— — | energy E,, 
Ax 


electric electric 
field & potential V 


We conclude this Section with two short SAQs, which you may like to try now or to 
use in conjuction with the scheme for later revision. 


SAQ 15 A cathode ray tube (similar to the one in a television set) consists of 
a heated filament, known as the cathode, and a metal plate, the anode, which is 
held at a positive potential relative to the cathode. Electrons are liberated (with 
negligible velocity) from the cathode and accelerate towards the anode. Sup- 
pose that the anode is at a positive potential of 1600 V with respect to the 
cathode; with what speed will an electron strike the anode? 


SAQ 16 Two flat parallel plates, which are 10 cm apart, are maintained at a 
potential difference of 1 V. The electric potential decreases linearly with 
distance in the region between the plates. What is the magnitude of the electric 
field between the plates? Ifa charge of +1 C were placed in this field, what force 
would act on it? 


Home Experiments on field patterns 
‘and equipotentials 


This experiment is designed to reinforce the concepts of the electric field and electric 
potential difference. After doing the experiment, many of the ideas introduced in 
Sections 4 and 5 should be much clearer. If you get into difficulties with any part of 
the experiment, you can find a selection of results in the Appendix. Do not, however, 
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just read the Appendix without trying the experiments first; a similar experiment may 
form the basis of one of the questions in TMA 02. You will be unable to do the assign- 
ment if you have not performed the experiment yourself. 


Items required from the Home 


Experiment Kit Items that you must supply 
power supply scissors 

meter kit sellotape 

three connecting wires, each about 4 m tracing paper 


long with the insulation stripped from 
each end (two black and one red) 


black conducting paper pre-painted 
with silver paint 


meter probe (red connecting wire with 
soldered end) 


electric field probe 


Setting up instructions 


1 You have been provided with sheets of black uniform conductivity paper. These 
have been pre-painted in various patterns with silver conducting paint. 


This paper is designed to allow electrons to flow slowly through it in the opposite 
direction to any applied electric field. The fact that the paper is uniform ensures that 
the magnitude of the electron flow will be independent of the direction of the applied 
electric field relative to the paper. Also, since the flow of electrons is slow, they will 
indeed follow the electric field lines. At the beginning of Unit 7, we shall discuss how 
the electron flow is related to the electric potential difference according to Ohm’s law, 
but in this experiment all that matters is that the electrons flow along the field lines. 
Also, because the conductivity of the paper is much higher than that of the surround- 
ing air, the electrons will only flow through the paper. Thus the only significant 
electric field lines are those lying in the plane of the paper, since those outside this 
plane produce no charge flow. 


== to mains plug 


7 power supply 
O 
N] 


“is AS 
Os ol 
(a) (b) 
aon : 
connecting wires kadio power supply 
Ye 
A 
a NN 
L . l) 
tape to 7 x >) 
hold leads o P 
in 1n place : 
eit a. oe ea 
pad 5 hand holds 
g — meter probe 
conducting z : 
paper ——— = : = 
2 For the first measurement, select the sheet painted with the shaded pattern shown Figure 28 Schematic diagram and 
in Figure 28a. Clean off the bared ends of the two black wires, separate the strands of photograph of the layout for 
wire, and pressing them down as firmly as possible, sellotape the wires to the centre of Measurement 1. 


strip A (Figure 28a). Be sure the wires are correctly positioned before sellotaping— 
you will not be able to lift the sellotape for adjustments without destroying the pre- 
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painted surface. Repeat this procedure to stick down one red wire at the centre of strip 
B. Also, tape down the wires at the edges of the paper to prevent movement of the 
contacts. You will find attaching these leads easier if previously you have taped the 
sheet at its corners to a flat surface. 


3 


3 Now connect the free end of one of the pair of black wires from strip A to the neg- 
ative terminal of the power output, and the free end of the single red wire from the other 
strip of silver to the positive terminal of the power output. The power output produces 
a maximum electric potential difference between its terminals of about 5 volts and so 
is perfectly safe. 


4 Now connect the second of the pair of black wires from strip A to the negative 
terminal of the voltmeter and connect the red lead of the meter probe (P in Figure 28a) 
to the positive terminal of the voltmeter. A voltmeter is simply a device for measuring 
the electric potential difference between its terminals. Your apparatus should now 
look like that in Figure 28b. 


Measurement 1 In this part of the experiment, you will investigate how the 
potential changes along the silver strips and across the conducting paper. With the 
voltmeter set on the 5 volt range, adjust the power output until a reading of about 
5 volts is obtained with the probe P touching the contact pad on strip B. Now touch 
the probe onto any point of strip A and note the voltage from the meter. Then move 
the probe along strip A and find the maximum and minimum values of the voltage 
with the probe on strip A. Repeat the same measurements on strip B. Now measure 
the voltages at a number of different points on the black paper. What have you 
discovered ? 


maximum potential difference with probe on A __O V 


minimum potential difference with probe on A __O ~ 


. . . . ae 1 / 
maximum potential difference with probe on B 2 V 


minimum potential difference with probe on B 5V 


Although the black paper conducts electrons, it is not nearly such a good conductor as 
the silver painted strips. What do you think you would have found if the silver strips 
has been perfect conductors and the contacts had also been perfect? In that case, you 
would have discovered that all points on each strip had precisely the same voltage. If 
there is an appreciable potential change on either strip it is likely that you have a poor 
contact somewhere. 


ITQ 10 Can there be an electric field within a perfect conductor? In what 
direction must the electric field lines leave the surface of a perfect conductor? 


Now since perfect conductors are equipotentials, and the connection wires to the 
silver strips from the power supply and from the voltmeter are all good conductors, we 
can make the following approximations: 


(i) the electrical potential difference produced by the power supply is equal to the 
electrical potential difference between the silver strips (sometimes called electrodes), 
and 


(ii) the electrical potential difference between the terminals of the voltmeter, which 
is recorded on its scale, is equal to the potential difference between the ends of the 
wires leading to these terminals. 


If you doubt the validity of these approximations make the following measurement. 
Touch the probe P in turn to the positive terminal of the power supply and then to the 
contact pad on strip B. If these results are approximately the same, there can only be a 
negligible electrical potential difference between the terminal of the power supply and 
the contact pad. 


What have you achieved so far? Well, by carrying out Measurement 1, you have 
established that although the silver strips are approximately equipotentials, there is a 
variation in the electrical potential across the black paper. In order to map this 
variation, you should go on to look for equipotential lines. 


Measurement 2 The aim of this measurement is to plot out five equipotential lines 
between the two silver electrodes. With the power supply still set at 5 volts, slide the 
probe slowly between the electrodes (Figure 28a) until you find a point at which the 
voltmeter reads 1 volt. Mark the point on the black paper with a pencil dot. (A child’s 
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voltmeter 


crayon or pencil in a pale colour is useful here.) Now try to find a second point, about 
10 mm from the first point, where the potential is also 1 volt. Repeat this process until 
you have a line of dots extending through the gap between the electrodes A and B to 
within about 3 cm of the edges of the paper. Repeat the process for voltmeter readings 
of 2, 2.5, 3 and 4 volts, and then construct an equipotential diagram on a sheet of 
tracing paper by joining up the dots at 1 volt, 2 volts, ... etc. On the tracing paper, 
also show the positions of the electrodes, which are equipotentials at 0 and 5 volts 
respectively. 


Measurement 3 In this measurement you will investigate the electric field between 
the electrodes, and verify experimentally the theoretical predictions of Section 5.2. 
Disconnect the wires from the voltmeter, leaving the other end of the black wire 
attached to strip A and taking care not to disturb the wires from the strips to the power 
output connections. Take the electric field probe and connect its wires to the volt- 
meter terminals (red to positive, black to negative) and set the voltmeter to the 1 volt 
range (Figure 29a). 


to mains plug 


power supply 


7 


disconnected 


(a) 


7 
electric 
field o 


If you examine the electric field probe (Figure 29b) you will see that it is simply a 
device for measuring the potential difference (AV) between two points that are 5mm 
apart. The component of the electric field in, say, the x direction is given by 


(eq. 25’) 
For our probe, with the arrow pointing in the x direction, Ax is fixed at —5 mm. 
This is a result of the way the leads have been connected and ensures that the electric 


field reading is positive if the field is in the direction of the arrow. 


Therefore é,=— Ay 
— 0.005 


= 200 AV (26) 


The probe can be positioned with its arrow pointing in any direction and so can 
detect the component of the electric field in any direction. 


ITQ 11 Suppose you can measure the component of the electric field in any 
desired direction. How can you deduce the direction of the electric field vector? 


Take the probe and position it at a point on the black paper roughly in the centre of 
the gap between the strips (point X in Figure 29a). Choose the point so that it lies on 
the 2 volt equipotential which you found in Measurement 2. Measure values of AV 
with the probe pointing in various directions at point X, and calculate the corre- 
sponding electric field components (using equation 26) in these directions. 


S271 UNIT 6 


positive 


negative 
contact 


contact 


(b) 


Figure 29 (a) Schematic diagram and 
photograph of the layout for 
Measurement 3. Note that the lead that 
has been disconnected from the negative 
terminal of the voltmeter remains 
connected to strip B. (b) Diagram of the 
electric field probe. The probe measures 
a potential difference proportional to the 
electrical field component in the direction 
of the arrow. 
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In which direction is the electric field component zero? 4A CG 


In which direction is the electric field vector? Dery A w, C 4i POT 


t 


Repeat these measurements at point Y in Figure 29a, which should be chosen to lie 
on the 4 volt equipotential. 


ITQ 12 What do your results imply about the relationship between the 
electric field direction and the equipotential lines? 


Use the result of ITQ 12 to construct some electric field lines on your equipotential 
diagram. No more measurements are required to do this. You might like to draw the 
field lines in a different colour from the one used for the equipotentials. 


Now use your equipotential diagram to construct a graph of the potential V against x, 
where x is the distance from electrode A along the horizontal axis of symmetry between 
the electrodes. This graph, which can be plotted on Figure 30, should be approxi- 
mately a straight line. 


potential /volts 


distance from electrode A/cm 


ITQ 13 From the gradient of the straight line, calculate the magnitude of the 
electric field in this region. How does your answer compare with that found at 
point X in Measurement 3? 


Measurement 4 In the final part of the experiment, you will investigate the electric 
field and potential inside a closed conducting ring. Detach the red and black leads 
from the paper you have been using up to now. Take the piece of paper with the circular 
silver electrode, and retape the red and black leads to strips A and B on this sheet, as 
shown in Figure 31. Disconnect the electric field probe and reconnect the potential 
difference leads used in Measurements 1 and 2. Set the voltmeter to the 5 volt range. 
Determine the new positions of the equipotentials at 1 volt, 2 volts, 2.5 volts, 3 volts 
and 4 volts exactly as before. Use another sheet of tracing paper to construct an 
equipotential diagram. 


ITQ 14 What can you say about the potential variation and the electric 
field inside the circle? You may wish to verify your conclusion about the 
electric field using the electric field probe as in Measurement 3. 


We describe this effect by saying that the conducting ring has screened out the electric 
field. In fact, had the ring been a perfect conductor there would have been absolutely 
no field inside it (assuming no excess charge was present inside the ring). This is a 
result that has many important technological applications, as you will see in the next 
Section. 
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Figure 30 Graph paper for ITQ 13. 


electrostatic screening 


6.1 


You have now finished the Home Experiments within the text, but before you put your 
equipment away, remember that there may be a TMA question that will require you to 
perform some additional measurements. 


Review of the Home Experiment 


In this experiment, you have demonstrated for yourself many of the results we derived 
theoretically in Sections 4 and 5. This should have reinforced your understanding of 
the important concepts of electric field and potential. It is a worthwhile exercise to 
draw up a list of the main aims and conclusions of the series of experiments. Try to 
complete such a list for yourself, before reading through our version in the box 
below. 


1 Demonstration of a method for distinguishing ‘imperfect’ from ‘perfect’ 
conductors (Measurement 1, ITQ 10). Good conductors form equipotentials. 


2 Demonstration of a method for plotting equipotentials and hence for plot- 
ting electric field lines for any geometrical arrangement of electrodes (Measure- 
ments 2 and 3). 


3 Experimental confirmation (shown theoretically in Section 5.2) that the 
electric field vector always cuts the equipotential lines at right angles (Measure- 
ment 2 and 3). 


4 Experimental verification (using the electric field probe—Measurement 3) 
of the relationship 


é, = — — (eq. 25’) 


5 Calculation of the magnitude of the electric field by two different methods 
(Measurement 3). 


6 Demonstration that a closed conducting shell screens out any static electric 
field from its interior (Measurement 4). 


Electrostatic screening 


In Measurement 4, you demonstrated that a closed conducting ring screens out the 
electric field. The same result applies in three-dimensional cases, and we shall now 
prove by contradiction in the three-dimensional case that a closed perfectly conducting 
shell containing no excess charges excludes any electric field. You do not need to 
remember the details of the argument, but make sure that you understand the method 
of proof. 
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Figure 31 Schematic diagram of the 


layout for Measurement 4. 


electrostatic screening 
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First, let us assume that an electric field exists inside the shell in Figure 32. This implies 
that there must be some electric field lines in the enclosed volume. Now since electric 
field lines cannot form closed loops, but must run from positive charges to negative 
charges, and since we are assuming that there are no excess charges inside the volume 
enclosed by the shell, the only possible lines are those that connect different parts of 
the inside of the shell. But, as you know, electric field lines point in the direction of 
the electric field, which in turn points down the potential gradient. So the existence 
of field lines running, for example, from point X to point Y in Figure 32, would imply 
that point X was at a higher electrical potential than point Y. In your experiment, 
however, you discovered that conductors are equipotentials, so that points X and Y 
must be at the same potential. 


Thus our original assumption has lead us to a contradiction. The original assumption 
must therefore be false, and we must conclude that: 


No electric field can exist inside a perfectly conducting shell containing no free 
charges. 


This is a result of great technological importance. Some sensitive electronic circuits 
must be kept isolated from externally produced electrical potential differences, ice. 
they must be screened from external electric fields and as we have just shown this is 
done most easily by encasing the circuits inside conducting boxes (Figure 33). 


transformer 


metal boxes 


inputs 


Sometimes these conducting screens also fulfil an additional safety function. If the 
conducting box is ‘earthed’, that is connected by a conductor to the Earth, then the 
electrical potential of the box will be equal to that of the Earth. In this case, if the 
circuit should touch the box, charge will flow from the circuit into the box itself, but 
this will not materially change the potential of the box. This is because the good 
conducting path from the box to the Earth will maintain the box at the Earth poten- 
tial, in spite of the weaker conducting path from the box to the circuit. Now, had the 
box been at a much higher potential than the Earth, a human being touching it might 
have been electrocuted, because the human body provides a fairly good conducting 
path to Earth (through the feet, or some other part of the body touching water pipes, 
etc.). Thus most high voltage equipment and some domestic appliances like washing 
machines, kettles, etc. are contained inside earthed conducting boxes, which protect 
the user from electric shocks, screen the equipment from externally produced fields, 
and also screen other devices from the electric fields the equipment produces. (In 
Unit 7, we will quantify the notion of a ‘good conducting path’ described in this 
Section.) 
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Figure 32 A two dimensional ‘slice’ 
through a closed shell containing no free 
charges. Points X and Y must be at the 
same electrical potential because the shell 
is a perfect conductor. No electric field 
can exist inside such a shell. 


Figure 33 Electrostatic screening and 
earthing of an electric appliance: when 
the lid is closed, the most sensitive parts 
of this high-gain amplifier are enclosed in 
an earthed metal box. The transformer is 
similarly encased. The weak signal is thus 
protected from corruption by electrical 
‘noise’. 


earthing 


Appendix— Results of the Home 
Experiments in Section 6 


Measurement 7 


maximum potential difference with probe on A 0.3 volts 
minimum potential difference with probe on A 0.2 volts 
maximum potential difference with probe on B 5.0 volts 
minimum potential difference with probe on B 5.0 volts 


The strips appeared to be almost perfect conductors, but there was a small (0.2 volts) 
change in the potential difference when the probe was moved from touching the 
contact wire on A (when the measured potential difference was zero) to strip A itself. 
This implies that the contact made by the wire was not ideal, but this should not 
interfere with the experiment. 


Measurement 2 


The equipotentials are shown in Figure 34. The electrodes were approximately 
equipotentials, but were at 0.2 and 5.0 volts rather than 0.0 and 5.0 volts as suggested 
in the experimental instructions. The 1 volt equipotential almost touched strip A 
at one point. This unexpected behaviour might be due to a damp spot on the paper. 
This observation has deliberately been quoted in the results so that you can see one 
of the problems that may arise. 


constructed 
electric 
Field Line 


Measurement 3 


The electric field component at X or Y is zero when the probe points along the 
equipotential, and in each case the electric field vector is perpendicular to the equi- 
potential. The maximum voltage reading at X was 0.42 + 0.02 V with the probe 
pointing towards A. The electric field is in that direction and of magnitude 


& = 200 x 042 Vm"! =844+4Vm"! 


At point Y, the recorded voltage was 0.23 V and the electric field magnitude was 
therefore 46 V m~! (ignore possible errors in this reading). The potential V is plotted 
against x, the distance from electrode A, in Figure 35. The measurements were taken 
along the axis of symmetry. 

change in V 


& = gradient of graph = — = — 
change in x 
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Figure 34 A copy of the tracing obtained 
from Measurements 2 and 3. (Note that 
there has been no attempt to construct 
the electric field lines consistently, with 
their spacing indicating the magnitude 

of the field.) 
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Therefore é =(77+3)Vm'! 


The uncertainty of +3 V m~! was estimated from the possible variation of the 
gradients of lines through the points. The two values for the magnitude of the electric 
field are just in agreement to within the limits of uncertainty suggested by the errors. 


5 
| radient = zs 
£ (0.048 — 0.0025) m 
= = (77+3)Vm" 


potential/volts 


T = =e D 
0 1 2 3 4 5 6 7 


distance from electrode A/cm 


Measurement 4 


The new equipotentials are shown in Figure 36. There was no detectable change in the 
potential within the circle with the voltmeter on the 5 volt range, and no detectable 
electric field within the circle using the electric field probe. 


0.2V | 5V 


Zero 
field 
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Objectives 


After studying this Unit, you should be able to: 


1 List the properties of electrostatic charge as summarized at the end of Section 
1.2. (SAQ 1) 


2 Describe and explain the processes of charging by rubbing, by sharing and by 
induction. (SAQ 2, ITQ 1) 


3 State Coulomb’s law, and use it in simple calculations involving small charged 
objects either in a vacuum or in a material medium. (SAQs 3 and 4, 1T Qs, 2, 3, 4 and 7) 


4 Relate the force on an object to the potential energy associated with that force. 


UTO 5) 
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Figure 35 A plot of the variation of 
potential with distance from strip A. 


Figure 36 A copy of the tracing obtained 
from Measurement 4. 


5 Recall the equations for the electrostatic potential energy of two point charges and 
the gravitational potential energy of two point masses, and use these equations in 
simple calculations. (SAQs 5 and 6, ITQ 6) 


6 Define the terms vector field, scalar field, electric field and gravitational field, and 
use these definitions in simple calculations. (SAQ 8) 


7 Remember that the electric field between an infinitely wide pair of parallel and 
oppositely charged plates is confined to the space within the plates and is uniform and 
perpendicular to the plane of the plates. (SAQ 10) 


8 Relate to one another the following concepts: electrostatic force, electric field, 
electrostatic potential energy and electric potential, and use the relationships in simple 
calculations. (SAQs 7, 9, 11, 12, 13, 14, 15 and 16, ITQs 10, 11 and 14) 


9 Define electric potential. 


10 Represent simple electric fields using field lines, according to the rules given in 
Section 4.3 (ITQ 10, AV sequences, Home Experiment) 


11 Represent the electric potential using equipotentials, and relate these equi- 
potentials quantitatively to the electric field. (I TQs 9, 12, 13 and 14, Home Experiment) 


12 Define the coulomb, the volt and the electronvolt. (SAQs 11 and 12) 


13 Describe the mechanisms of lightning storms, certain oil-tanker explosions, 
Millikan’s oil drop experiment, electrostatic dust precipitators, ion thrusters and 
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screened boxes. (SAQs 10 and 12) 


ITQ answers and comments 


ITQ 1 Figure 9c—When the spheres are separated, the one 
closer to the rod carries an excess positive charge, which is con- 
centrated towards the rod. The other sphere is left with an excess 
negative charge, which is repelled towards the right by the charge 
on the rod. 


Figure 9d—When the rod is removed and the spheres are still 
sufficiently close to interact, the distribution of the excess charge 
changes since unlike charges attract each other. The total excess 
charge on each of the spheres is unaffected. 


Figure 9e—When the spheres are a large distance apart they 
carry equal and opposite charges uniformly distributed over their 
surfaces. 


ITQ 2 The force on A due to charge B will act along the line 
joining A and B. Because A and B are like charges, the force will 
act away from B. Similarly the force on A due to charge C will act 
along the line AC and away from C. Because charges B and C are 
identical and at equal distances from A, the two forces will be equal 
in magnitude. The resultant force may be found by drawing a 
triangle (or parallelogram) of forces (Figure 37). 


force due to C 


= Za 
= = = 
2 
resultant _ Z 
force = 
onA L =< 
Ss 
s 
S 


force due to B Oc 


Figure 37 Solution to ITQ 2. 


ITQ 3 Writing equation 3 in terms of magnitudes, 


The units of e must therefore be C? N`! m~?. 


Note that to be strictly correct, we should have written the equation 
for the magnitude F „ of the force as 


EE a ląı|lą2l 

4ne r? 
where the modulus signs indicate that we take the magnitude of 
the charge and ignore its sign. However, if we bear in mind that the 
magnitude F,, must always be positive, then we can safely omit 
the modulus signs, and this is what we will generally do. 


ITQ 4 Coulomb’s law states that the magnitude F,, of the 
electrostatic force in air is given by 


1 4142 


Anso r° 


el 


assuming a dielectric constant of 1 for air. 


Therefore 


SO ANC SARA (ie) 


Fa = =9 x 10°N 
(1m)? 


The gravitational force on a mass m is given by F,,,, = mg. The 
mass of iron on which the gravitational force is 9 x 10°N is 
therefore 

E9102 N 


= = 0.92 x 10°k 
$ g 9.8ms 7 x ž 


Since 1 metric ton (tonne) = 10°kg, this is almost one million 
tonnes! 


If the charges were surrounded by glass, the electrostatic force 
would be reduced by a factor of 6.7, since 


1 ae) 1 4192 
E; as: Pee ay €0/E glass 
siass/ Anégiass 1? | 4&1? o/s 
F.. 
and so Ee a 


dielectric constant for glass 


ITQ 5 (a) The general relationship between radial force com- 
ponent and potential energy is 
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aes (eq. 6) 


According to this equation, the magnitude of the force component 
has its maximum value where the gradient of the potential energy 
graph is steepest, i.e. where dE,,,,/dr has its maximum magnitude. 
This is clearly true for the graphs in Figure 18a and b. Also, equation 
6 indicates that F, is positive if the gradient dE,,,,/dr is negative, 
i.e. the force acts in the direction in which the potential energy 
decreases. This is also true for the graphs in Figure 18a and b. Thus 
the shape of the potential energy graph is qualitatively consistent 
with the force graph. 


(b) The gradients at the points A, B and C are shown in Figure 38. 
At each point, the force shown in Figure 18a is minus the gradient 
of the potential energy curve shown in Figures 18b and 38, i.e. 
F, = —dE,,,,/dr (eq. 6). Since this is the relation between a force 
and the corresponding potential energy, we conclude that graphs 
(a) and (b) could represent the same system. 


oh 
6 
n aad 
5 A panen som SON 
= 4 
a 
RJ 
3 (1.043) 
B gradient = aaen e 
24 
$ 1.3J 
C gradient = -37m 


rim 


Figure 38 Solution to ITQ 5. 


(c) All three curves in Figure 18c have the same gradient at any 
particular value of r. Thus the radial force component at any par- 
ticular separation r shown in Figure 18a is equal to minus the 
gradient at that separation of any of the potential energy curves 
shown in Figure 18c. In other words, the absolute value of Epot is 
irrelevant. Since it is the rate of change of energy with r that deter- 
mines the force, any potential energy curve of the form Epo = 
k/r + cis consistent with a force law of form F, = k/r?. 


(d) Optional To find the force associated with the given potential 
energy curve we shall evaluate the ratio —AE,,,,/Ar for a small 
change in separation from r; to r3. 


AE po o fee = Frat 3 [ + ¢) — KE 2] 


Ar 27 —-T; 2-1; 


(2 = H) (2 = Ve r4) 
f T riřz 


= +k/rır2 


If r, and r, are close together and on opposite sides of r, then 

r 1, % ra, and this ratio is equal to the radial force component 
atr: 

= AE pot = 

= Ar B 


So a potential energy curve of the form k/r implies the existence of, 
and is consistent with, a force varying as k/r?, the form taken by the 
magnitudes of the Coulomb and gravitational forces. 
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ITQ 6 In all these equations, we have implicitly defined the 
positive direction to be that of the position vector r of the object 
on which the force is acting. In the gravitational case, the force is 
always attractive, i.e. in the direction opposite to r. Hence a minus 
sign is necessary in equation 8. You have already met this argument 
in Unit 4. In the electrostatic case, the situation is reversed. If the 
two charges are of the same type (both positive or both negative), 
the product q,q2 is always positive and the force is repulsive, i.e. 
in the same direction as r. No minus sign is therefore necessary in 
equation 11. If the charges are of opposite type, the product qq 
is negative; equation 11 then shows that the force is in the —r 
direction, and this correctly describes the attractive force between 
unlike charges. 


The signs in the equations for the potential energy—equations 10 
and 12—can be justified using the relationship between potential 
energy and the direction of the force. Remember, the force acts in 
the direction in which the potential energy decreases. According to 
equation 10, the gravitational energy increases as r increases—i.e. 
Eray becomes less negative. But the force acts in the direction 
in which the energy decreases, and so the force must be in the —r 
direction. This correctly describes the gravitational attraction 
between two masses. Conversely, equation 12 indicates that the 
electrostatic potential energy of two charges with the same sign 
decreases as the separation r increases. In this case the force must 
act in the direction in which r increases, i.e. in the r direction, so 
the force is repulsive. Again this agrees with the known properties 
of electric charge. 


ITQ 7 (a) Since the two charges have the same sign, the force 
will be repulsive, and the force on the charge at point P will point 
in the direction of the position vector r. 


-6 -7 
ae x SN =9 x 10-*N 
(b) From Coulomb’s law, the force on a charge q is propor- 
tional to charge q. In (a), we showed that F =9 x 10°*N 
=q x9 x 10°? N C™!. Thus if q is doubled in magnitude, the 
force will be doubled, but it will act in the same direction. Hence, 
F = 1.8 x 10-3 Nand acts in the direction of the position vector r. 
Notice that there was no need to refer to Q in finding this force; 
knowing the force on the 10°’ C charge was sufficient. 


ITQ 8 (a) True—only changes in potential energy are physically 
relevant. 


(b) True—for the same reasons as (a). The zero of electric poten- 
tial can be assigned quite arbitrarily. In equation 19 we chose the 
potential to be zero when r was infinite. What is important is the 
potential difference between two points. It is by multiplying the 
potential difference by the charge being moved that the change in 
potential energy, the quantity significant in defining motion, can 
be found. 


ITQ 9 The magnitude of the electric field due to a point charge 
decreases as the distance from the charge increases. From Figure 26, 
it is clear that the spacing between equipotentials increases as the 
distance from the charge increases. The equipotentials are, there- 
fore, furthest apart where the field is weakest and closest together 
where the field is strongest. This is consistent with equation 24, 
é, = —dV/dr. This equation indicates that the field has its greatest 
magnitude where the rate of change of potential, dV /dr, is greatest, 
i.e. where the equipotentials are closest together. 


The field lines for a point charge are radial, and so they cross the 
equipotentials at right angles. 


ITQ 10 Within a perfect conductor, charges are free: moving 
a charge involves no force, no change in potential energy and 
therefore no change in electric potential. Since the potential 
within a perfect conductor is the same everywhere, there can be 
no component of electric field. The surface of the perfect conductor 
is an equipotential and so the electric field lines must leave it at 
right angles. 


ITQ 11 When the probe is placed on the sheet, the direction 
of the arrow will generally not lie along the electric field direction. 
So, it will measure a component of the electric field—say & cos 6— 
where & is the magnitude of the electric field and 0 is the angle 
between the probe and the field direction (Figure 39). By rotating 
the probe until a maximum voltmeter reading is found, you can 
determine the direction of the field. In this position, with the probe 
pointing along the field, the magnitude of the field can be deter- 
mined from the voltmeter reading. 


ITQ 12 The electric field vector always cuts the equipotentials 
at right angles. Your measurements with the electric field probe 
should have confirmed this important prediction, which was made 
earlier in the Unit. 


ITQ 13 If you have followed the instructions precisely, your 
strips A and B will be 6cm apart and the potential difference 
between them will be 5 volts. So, the electric field at X will be 
(5 volts)/(0.06 metre) 83 V m~t. To within ~ 10%, the value of 
the electric field you calculate from the slope of your graph of 
potential versus distance should be the same as the value that you 
found using the electric field probe in Measurement 3. This con- 
firms the important prediction made in Section 5.2 that 


(eq. 25) 


or, in words, the electric field component is minus the gradient of 
the potential versus position graph. 


The data we obtained at Walton Hall are given in the Appendix. 


ITQ 14 The electrical potential inside the circle is approximately 
constant. This implies that the electric field inside the circle is 
negligible since the electric field between two points is propor- 
tional to the potential gradient between the points. 


SAO answers and comments 


SAQ 1 In the brushing process, charge will be transferred from 
the hairs to the brushes. This will leave the hairs carrying one type 
of charge and the brushes with the opposite charge. 


(a) The hairs carry like charges and so repel one another. 


(b) The hairs carry the opposite type of charge to the brush and 
will be attracted to the brush. - 


(c) The brushes carry like charges and so repel each other. 


SAQ 2 (a) Ifthe two spheres repel each other, then they must 
carry like charges. 


(b) Ifthe spheres attract each other, then there are two possibi- 
lities: either (i) the spheres carry opposite charges or (ii) one sphere 
is charged and the other, initially uncharged, has its charge re- 
distributed by induction when the other sphere gets close to it. 
This second situation is analogous to the attraction between a 
charged plastic ruler and an uncharged piece of tissue paper, and 
we shall return to a more detailed description of the phenomenon 
in Section 2.2. The initially uncharged sphere may be either a 
conductor or an insulator. 


SAQ 3 (a) The charge q, will be in equilibrium if the total 
force on it is zero. This implies that the repulsive force due to q, 
must equal an attractive force due to q3. Thus q3 must be a negative 
charge. The magnitude of q, can be deduced from 


1 = 9293 1 9192 
4ne (0.2)? Are (0.1)? 


Therefore 


2 


magnitude of q; = OD? x magnitude of q, 


Thus qa = A xI 
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electric field 


probe 


Figure 39 Solution to ITQ 11. 


(b) q, would move to the left, since both the force due to q, and 
the force due to q, are in that direction. 


SAQ 4 (a) The force on Q, acts along the line joining the 
charges and away from Q, and Q,. The magnitude of the force on 


Q, is 


1 (ef 2:0; ) 


Areo \ d? E (d, + d,)? 


Ax 100% 4x ae) 


a 
< 10° 79-20 + ax 10-9 


=A exe aN 


The force on Q, due to Q, is exactly equal and opposite to that due 
to Q3, so the net force on Q, is zero. The total force on Q, is equal 
in magnitude but opposite in direction to that on Q}. 


(b) All the charges have been doubled; this will increase each 
force by a factor of 4. All the distances have been doubled; this will 
reduce each force by a factor of 4. Thus the only net effect will 
arise from the change in permittivity, which will reduce the forces 
by a factor of 10. The direction of the forces will be unchanged and 
their magnitudes will therefore be 4.5 x 10°-°N on Q, and Q, 
and zero on Q,. 


If this argument does not convince you, work through the calcula- 
tion for the magnitude of the force on Q,. Remember that the 
charges are embedded in a medium of permittivity ¢; we do not 
know the value of e, but we are given the ratio £/£ọ. The magnitude 
of the force on Q, may therefore be written as 
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1 o (210 4 0,03 ) 


4neo € \ d? (d; + d3} 
aop ae ee 
SS) 90 eo 610 
=45 x 10-°N 


SAQ 5 (a) 0.089J. This question requires you to apply 
equation 12. 


energy required = (potential energy at 10 cm separation) 
— (potential energy at 10m separation) 


10n° KTOS 
= RO e 
0.1 


1076 x 10-6 
= (9x 10% x SO) J 
10 


1 1 
=9 x 10° x o-( 


)a = 0.089 J 
0.1 10 


(b) The gravitational potential energy change is minute. If we 
estimate the mass of a table tennis ball to be of order 107° kg, the 
gravitational potential energy change is given by 
; ee ; 5 mm2 
change in gravitational potential energy = change in | — G —— 
= 


=$ 


& 


—6.7 x 1071! x J 


2 


—10°'°J 


assuming that the gravitational potential energy at a separation 
of 10m is so small as to be negligible. The gravitational potential 
energy difference is some fourteen orders of magnitude less than the 
electrostatic potential energy difference. 


SAQ 6 (a) 2.4 x 10°°. The electrostatic force of attraction has 
magnitude 


1 4142 


Ante one 


el 


where q, is the charge of the electron and q, is the charge of the 
proton. The gravitational force of attraction has magnitude 


Gm,m, 


The ratio of these is 


ky = 1 z 91492 
Fyray 408 Gmm, 


9 x102 Ke Gib 10=*?)2 
~ 67x 107-1! x 9.1 x 1073! x 1.6 x 10°27 


= 2.4 x 10°° A large number! 


It is interesting that for many years in the nineteenth century 
scientists attempted to construct theories of material structure 
using gravitational attraction as the binding force. In view of the 
above ratio, it is hardly surprising that they failed. 


(b) The ratio does not depend on r and therefore the answer is 
unaffected by changing the radius. 
(c) To remove the electron to infinity it is necessary to supply 


enough energy to overcome the electrostatic potential energy 
difference. 


potential eos! 2 1 4142 
z = change in | —— 
difference 4né) r 


=9 x 10° x (1.6 x107 


—1 —1 )a 
6 ee 
x10 


=46510-8F 


50 


SAQ 7 (a) 1.6 x 107 !°N. The force on each electron is given by 
(eq. 13) 


and we are given that £ = 10* N C7 +, so the magnitude of the force 
on each electron is 


F=qé 


16: el Onde KOENE 1 OE LOE LN. 


(b) 1.8 x 10'>ms~?. Acceleration a = F/m,. So the magnitude 
of the acceleration of each electron is 


a = (1.6 x 107'5/9.1 x 10-34)ms~? 
SL 10!> mse 
(c) 1.1 x 10~8s. From Unit 2, s = ut + 4at?. In this case, u = 0 
Therefore t? = 2s/a = 2 x 0.1/(1.8 x 10*)s? 


and t=1.1x10-°s 


(d) 2x 10’ms7?. 


Maximum speed = at 
= 1.8 Kx 0 ms 
=2 x l0 ms 
(which is about 7 % of the speed of light). 
SAQ 8 6.25 x 10*NC! in the negative y direction; 
2 x 10~‘* N in the negative y direction. 
The electric field is £ = F/q 
10=22N 
= 6-102 
=625 x 10*NC™ 


The only component is &, = 


The force on an a-particle is F = & x (2e), and since the only 
component of the field is in the y direction, the only component 
of the force will be in the y direction. Thus 


F, = 6, x (2e) = —6.25 x 10¢NC"! x 3.2 x 10-19C 
= —2 x 107*N 


SAQ 9 No! Particles do not always move parallel to the force 
applied. For example, in- the case of circular motion the particle 
moves at right angles to the direction of the force. It is, however, 
possible to make the approximation that particles do move along 
the electric field lines provided that (i) their initial velocity is negli- 
gible, (ii) the field is uniform and (iii) there are no other forces 
acting on the particles. In this case 


qét 
v=u+at=at= 


m 


v is parallel to &, provided u is negligible and & is constant. 


SAQ 10 Near to the hole, the electric field will be approxi- 
mately as in Figure 40. The hole is small and the plates are close 
together and so the field pattern is very similar to that of an infi- 
nitely wide pair of uniformly and oppositely charged parallel 
plates. Above the plate the electric field is zero: there are no electric 
field lines. Only after falling through the hole does the drop start 
to be attracted back towards the positively charged plate. 


SAQ 11 The potential energy change is equal to the change in 
potential energy of the electrons as they flow through the radio. 
potential energy 


change in electric 
( = =| of charge at one 


otential ener. : 
= = terminal of battery, 


potential energy 
— (e charge at other 
terminal of battery, 


AE a = QVeerminatt — 4Verminai 2 
= qAV 


zero force 
above plate 
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Figure 40 Solution to SAQ 10. 


where AFV is the potential difference between the terminals. Thus 
the potential energy change is 2C x 9V = 18). 


SAQ 12 (a) 0.046 newtons. The force on the satellite is equal to 
the rate of change of the momentum of the satellite, and this is 
equal in magnitude to the rate at which momentum is transferred 
from satellite to the ions. Thus, 


force on 


satelite (momentum change of satellite per second) 


= —(momentum change of ions per second) 


Il 


no. of ions fired per second ) 
x momentum change of each ion 


Il 


—10'° x (2mqV)!/? in the direction of motion of the 
ions 
= +0.046 N in the direction of motion of the satellite 
(b) 1keV. Each ion moves through a potential difference of 


1kV and therefore the change in electrical potential energy is 
1 keV. This is converted to kinetic energy. 


(c) 1.6kW. The power consumed is equal to the rate at which 
kinetic energy is given to the ions. 
power = no. of ions fired per second x energy per ion 
= 10'°s"! x 1keV x 1.6 x 10° '9J eV"! = 16kW 


This power can be obtained from batteries, which are continuously 
recharged from solar cells. 


SAQ 13 3 x 10* volts. 


res (eq. 25’) 
= AX eq 


Thus the maximum difference in electrical potential between two 
points 1 cm apart is given by 


maximum AV = separation of points x maximum electric field 


AVenax = Lom X Ê max (assuming that the electric field 
has its maximum value at all points) 


= 001 x 3x 10°V =3 x 10*V 


SAQ 14 1.6 x 10* volts metre~!. 


Vv 
6, for small displacements Ax. 


This equation can however be applied to non-infinitesimal displace- 
ments to evaluate the average electric field in the region. Thus 
the average magnitude of the electric field between the points is 
given by 


AV 240 
Ax 0.015 


= = 16x 10 Vm 
Since we have been consistent in our use of units, we may also 


express this as 1.6 x 104 N C™'. (If you are unsure about this, use 
the conversions 1 V = 1JC~' and 1J = 1 Nm to check that the 
two sets of units are equivalent). 


SAQ 15 The change in potential energy of an electron in the 
electric field is given by the product of the charge and the potential 
difference: 


AE. = (—e)AV 
This must be equal in magnitude to the kinetic energy acquired by 
the electron 


= imp? 
Exin = zMv 


Therefore mv? = eV 


2eV 1/2 
-E 
m 
= (2 x 1.8 x 101! x 1600)!/2ms~t! 
= 24x 10 ms 


SAQ 16 The electric potential decreases with distance as shown 
in Figure 41. The electric field between the plates has magnitude 


Therefore a unit positive charge in this field will experience a 
force of magnitude F,,=10N. This force will be in the same 
direction as &, i.e. in the x direction (or towards plate B in our 
diagram). 


+1V OV 
1 
10cm 
plate plate 
A 
0.55 


electric potential /volts 


04 T = 
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Figure 41 Solution to SAQ 16. 
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